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terior) or away &om (poswior) the source.
The rate of recovery from hypothermia. fa
mimaJs rec:civinS· poIterior ezpoIUf'O\"'"~
ni&mdy more npid than either antedorany'
expoeecI or sbam-exposed animals.

When ethanol is administered to test ani­
mals, it results in hypothermia. Some studies
have demon.strated that 2.45-GHz microwaves
am attenuate ethanol-induced hypothermia
(Lai et al. 19Mb; Hjeresen, Francendese, and
O'Donnell 1988). Also, penneability of the
BBB to Evans blue dye is reduced in rats
exposed to high-level MW and ethanol. In
this ~riment the left hemisphere of the
brain was irradiated. Dye staining was 0b­
served only in that hemisphere and other n0r­

mally 1ea1cy areas. The intensity of the ICain
was inversely related to the ethanol concentra­
tion (Neilly and Lin 1986).

Hjeresen, Francendese, and O'Donnell
(989) designed an experiment to see ifMW­
induced effects on ethanol hypothcmu. were
associated with norandrenergic (0) neuro­
transmitter systems. Neonatal rats received
injections of the neuratonn, 6-hyd~dopa­
mine (6-0HDA), to produce lesions in noran­
drenergi<: neurons. NE levels in the cerebral
corteX were about 10 times lower in controls
versus 6-0HDA-treated animals. Animals ex­
posed to both MW and 6-0HDA did not
exhibit the marked reduction in ethanol­
induced hypothermia characteristic of control
animals exposed to MW but not 6-0HOk
"The results ... suggest that microwave irradi­
ation may, by an unexplained mechanism, act
in a manner similar to norandrenergic fj­
antagonists" (Hjeresen, Francendese, and
O'Donnell 1989). However, this conclusion
has been disputed by Klauenberg and Merritt
(1991), who interpret the data as "indicating
that MW does not appear to interact with any
of the NE pharmacological challenges. The
most parsimonious interpretation is that it is
premature to conclude that the NE system is
involved in the effects of microwaves on
EtOH-induced hypothermia." In a reply to
this critique, Hjeresen (I991) reaffirmed the
original interpretation.

Behavioral changes have been used as an
end point in studies of combined effects. Sub-

q
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sequent to operant c:.ooditioaiDg, IIIOIIbJs
we,R iDjec:Ied with fadluramine, a~
depIecer.~tbca ,apoaed at 2450. .MHz.;....
~ Bebmor diIrvption ,... .....
from .the .c:cmbined. e:IpOIUI'e (Galloway. aadw.- 1977). In anocber study, escape-avai­
dance behavior in a small number ofmice was
eumined. A stable bIseJine of behavior was
established with exposure to 24So-MHz MWs
at an average SAR of 45 W/kg. Animals were
then treated with different doses of chlor­
diazepoxide, d-amphetamine, and chlorproma­
zine and miaowaves. Animals treated with
chJordiazeponde and MW exhibited distinct
changes in esape-aroidancc behavior c0m­
pared with exposure to MW alone (Monahan
and HentoJl 1979).

A StUdy using magnetic-cesonance imIr­
ing conditions found that reductions of mar­
phine-inchwed analgesia were greater for
time-varying magnetic field than for RF 6eId5.
Statie--mapetic fieJds did reduce morphine­
induced analgesia, but not signi6candy (Prato
et al. 1987).

In summary, research has focused on
combined interaction between psychoactive
drugs and microwaves, primarily at 2.45 GHz.
Drugs were administered at doses that by
themselves produce measurable effects in the
test animals. The effects of some drugs were
enhanced, while others were attenuated by
acute exposure to microwaves (Lai 1992). It is
not known if subde effects in humans are
possible from low doses of drugs, solvents, or
other neuroactive substances found in the
workplace. Patients under anesthesia or medi­
cation in health care facilities who receive
therapeutic RF irradiation are a more likeJy
population for these effects.

J.3.4.6 BebMJior

Evaluation of behavior is a way to mea­
sure the health of the central nervous system
(CNS) and associated systems. Behavioral ef­
fects are cited as the limiting condition in
some exposure guidelines. For example, ANSI
(1982) and IEEE (1992a) employ t:IJrabolds
of reversible behavior disruption in test ani­
mals in establishing human exposure criteria,

l
:~!._;;;

~.
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because behmonI .... were foaDd 10 be
,the most sensitive effects that were under­
stood.
. Behavior is innate or Jeanaed. hmate or
natUral behavior, such as locomotion, eating,
and reproduction. is inherent to an anima1
species. Effects on natW'lI1 behavior are often
evaluated in open-field tests with rodents.
Simply, this involves a box with a grid on the
floor. Typica1Jy, researchers observe behavior
such as the animals' expJoratoly activity (am­
buJation over a number of squares) and verti­
cal activity (rising onto hind legs) in the box.

There are two types of learned, or ac­
quired, behavior. These are called respondents
and operants and are determined by the type
of response that is elicited by a stimulus. If the
animal's response involves motor activity sub­
sequent to stimulation, the response is ca1Jed a
respondent. In this case the introduction of a
stimulus direetly invokes a response. The
aversion response to a bright light is a resp0n­

dent involving motor activity, e.g., blinking.
Operant responses are elicited when an animal
is conditioned by a positive or nepdve stimu­
lus, called reinforcement. For eumpIe, an ani­
mal may be condiOoned to expect an audible
tone immediately before receiving reinforce­
ment. After conditioning the tone will serve as
the stimulus to a motor response. Hence, the
animal's behavior is modified by its response.
Other examples include bar or lever pressing
to receive food.

Studies have been performed mosdy with
rats but also with mice, chickens, dugs, and
munkeys. Generally, exposures have been to
pulsed or CW, 2.45-GHz microwaves. Most
research on behavioral effects associated with
RF radiation has utilized operant condition­
ing. Behavioral end points that have been
eva1uate<i include convulsions, work stoppage,
work perturbation, endurance, perception of
RF fields, and aversion (Justesen 1979). Re­
sults of a number of behavioral experiments
are in Table 3-7, and literature reviews are
available (Serwntie and Gillard 1983; F.lder
and Cahill 1984; CDRH 1985; NCRP 1986;
Blackwell and Saunders 1986; Heynick 1987;
D'Andrea and de Lorge 1990; 0'Andrea 1991).

Because this vein of experimentation is
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imponmt in senm, eIp(ISI1R criteria, the do­
sip of a few of the~ studies will be
discu.cd in some detaiL FUIt, however, it is
imponant 10 place behmonl effec:a in a
proper perspective, which O'Connor (1988)
has done quite wen:

The fact that positive behavioral effects ap­
pear well below levels where adler effects
are reliably observed is due to the veJy

nature of the system under investigation.
The nervous system has evolved to be the
first to respond to many environmental
changes, and behavior thus often represents
the body's initial warning signal. For this
reason alone, the study of behavior will
probably produce more false positives than
the study of other systems. It is imponant to
remember that behavior can be, but is DOt
always, indicative of nervous S}'IteID distur­
bance. Conversely, and ofequal impcwtance,
is the fact that nervous system cfisturt.ncc is
not always bioIop:aIly or behavioraHy sig­
nificant to the organism.

Five rhesus monkeys were exposed to v.r­
ious power densities crable 3-7> for either 30,
60, or 120 minutes. Colonic temperatures were
monitored during some experimental runs.
Sitting monkeys were restrained in a styr0­
foam chair facing the MW source. The ani­
mals were trained in an operant task to receive
food pellets. Upon depressing a lever in &ant
of the right arm, either a low-frequency or a
high-frequency audible tone was emitted. The
low-frequency tone lasted for 0.5 seconds, and
indicated no food was available. The high­
frequency tone remained on until the monkey
depressed a lever in front of the left arm, an
action that also delivered a food pellet. Food
pellets were not always available but were
provided at variable intervals within some
given time limits, called a variable interval
schedule. If the left lever was depressed when
food was unavailable (no high-frequency tone),
a OS-second low-frequency tone was emitted.
Animals were trained in this task for 70 ses­
sions prior to actual exposure. Measures evalu­
ated included the rate on the right and left
levers, and detection response rate. Consistent
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Speda (W!IrI:> (aW/aaJ
) (dxatla) FJI"ects JIelereDee(a)

CW ExPosuREs

Moahys 2450 0.32 to 4to lx60 Response de Lorge

(male) AM: 5.8 72 nteof 1976

120Hz lever presses
decreased at
highest dose
rate; elevated
coJon.ic
temperature

Albino 2450 5.8 28 lx60 Thresbo1d de Lorge

rats AM: ofbehavior 1978

120Hz disruption
of an

Squirrel 2.5 45 lx60 operantwk

monkeys or for 3 species

4.5'

Rhesus 4.7 67 lx60

monkeys
(male)

Monkeys 225 3.2 8.1 Ix60 Threshold dcLorge

(male) CW of behavior 1984

1300 45 57 lx60 disruption

Pu1sed ofan

5800 8.4 140 lx60 operant task

Pulsed

Rats 400,500, 7, II, 20 1 x55 Shortest D'Andrea,

(male) 600, 700 16,14· time to Candhi,

CW work and Lords
stoppage 1977
at 600 MHz;

600 4,6,8, 5,75, 1x55 time to work

CW 16 10,20 stoppage
varies inversely
with exposure
level

Rats 2450 2.3 NR 1l0x300 Significant Mitehel~

(female) CW differences Switzer, and
in one innate Bronaugh
and one operant 1977
test; no
difference
in one avoidance
behavior test

AftnIC.....
,
~

S.ul
~J)

I>uawcDl
Speda (W,IIra) (dxmiD) Meets ~

Rats 2450 1.23 0.5 80 x 480 Significant D'Andrea
(male) CW difference eta\.

in 1979
stablimetric
activity

Rats 2450 0.14 0.5 9Ox420 Differences D'Andrea
(male) CW in 2/4 etal.

behavior 19863
measures:
increased
lever pressing
in exposed
animals

Rats 2450 0.14 05 9Ox420 Differences DeWitt
(male) CW in 1/4 et a\.

hehavior 1987

measures:
decreased
lever pressing
in exposed
animals

Rats 2450 0.70' 2.5 98x420 Differences D'Andrea
(male) CW in foot etal.

shock 1986b
response and
shuttlcbox
avoidance
test

Rats 2450 2.7' 10 I x420 Significant Mitchell
(male) CW differences et al.

in activity 1988
and acoustic
startle
response

Rats 2450 2.7' 10 Ix420 Difference Mitchell
(male) C\\' in passive etal.

avoidance 1989
measures in
U.S. test,
not seen in
eastern European
results
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Species (WJ1r3l ,6aW/emJ ) (dxmlD) " E8ieeIs , aef eace(,)

Rats 2450 U.1.I!- 5.7.5, 1x30 Incrased Thomas
(male) CW 4.8 20 DRL response etal.

rate; 1975

decrased
FRrespoose
rate

Rats 915 7,10, NR 1xlO Noeffcct Monahan
CW 17 on acquired and

laste Henton
aversion 1977

PuLsED ExPosURES (UNLESS OTHERWISE Nono)

Rats 1200 2.4'·1 2.4 4x30 No Frey,
(female) CW significant FeId,aad

differences Frey 1975

1200 0.21 0.2 4x30 Significant
differences
ill .........
performance

RaIS 2450 6.3 NR 1x30 Initial Hoot,

(male) cIecreaae ill ICing,and
exploratory PbiIIipl
activity; 1975

6.l. NR 1x30 reduced
11 swim speed

late in the
teSt; prompt,
gross reduction
in performance
of ll-W/kg group;
poor initial
performance in
discrimination
llISk for both
levels of SAR

Rats 1280 0.25 ~ I, 5.5, 62>:40 Threshold de Lorge

<male) ±0.01 9.5,10. of behavior andEzeU

IS atSAR- 1980
3.75 W/kg;

5620 0.19 7.5. 183x4O 4.94W/kg
±0.003 11.5, 16,

26,3l.S,
42,48.5

i •
llMIH-Frlf'"'"1 m BLF Blear-petit BrJer,iu

A-.p
: ~ !

f'r ~ r=tr" SAIl ' t;'%.J) Dwadaa
Spec:I. (WfIrI) (dX.w E8ieeIs ~

RaIl 600 0.4,4 0.51, S.l 1xSS Noeffcct D'Andrea,
(male) average on worIc Gandhi,

stoppage and Lords
1977

Rats 1250 0.84,2.5, NR 4xl0 Work Akyel
<rnale) 7.6,23' SlllppIge at et al.

highestSAR 1991

M-Ireya 1300 0.05 to 0.09 to 5x6O No D'Andrea,
(male) 0.8'·! 1.48 significant Cobb. and

average differences de Lorge
in fOod- 1989
reinforced
llISks

Rats 3000 0.072', See - Significant RasIear
(male) 0.057 to text effects on et al.

0.087 in copitive 1993
brain abilities

RaIl 2450 0.15 to 0.5 750x 1260 Noelfecta jolmaon
(male) M on open et al.

field 1983
behavior

Rats 1300 1.5, NR 30xl80 Clear Lebcwin
(female) 3.6,6.7 or differences 1981

45x 100 at high
dose nile

Rats 2860 1.2,2.4. 5.10, t x30 Variable Thomas
(male) 3.6,4.8 15,20 responses et al.

on ORLand 1975
9600 0.5.1.0, 2.5. 5, I x30 FR schedules

2.0,3.0 10. IS

Rats 2800 0.7. 5,10 1x30 Signifkant Schrot,
(male> 1.7 differences Thomas,

in response and
to Bannrd
acquisition 1980
task at higher
dose rate
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I 'Sitting position: lower SAR with back straight, higher SAR curled over (typical position).

6SARs are estimates from prolate spheroidal models of medium rats. (Durney, Massoudi, and Iskander 1986).
Exposures were made with the E·field vector parallel with the long axis of the rodent bodies.
'Whole-body average.
.tSAR estimate from Elder and Cahill 1984.
'SARs in rat carcasses demonstrated that the spatial peaIc SAR was highest in the thoracic region, lowest near the
pelvis, and intermediate in the abdomen. All measurements in the head region were within the noise level of the
fiber-optic temperature senso.... Animals received a single exposure at each SAR with their IH,di<s oriented parallel
with the E field.
flOe propagation vector was parallel with the body, and the E-field vector oscillated ear to ear. Each animal
received a single, 6O-minute exposure at a PRF of 2, 4, 8, 16, and 32 Hz. Peak power densities in all cases were
13\.80 W/cm'. WBA and local SARs were as high as, respectively, 0.08 and 1.44 W/kg at 32 Hz, while peak
SARs were 8.3 W/kg for the whole body and 15.0 W/kg in the head.
'Fetal SARs were around 2 to 4 W/kg, while posmatal SARs decreased from 16.S W/kg (day 2) to 5.5 W/kg (day
20) as the pups grew.
NR, not reponed; AM, amplitude modulated; CW, continuous wave; FR, fixed ratio; DRL, differential reinforce­
ment of low rare.

72625242
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/

mW/anZ
• In a later analysis, De Lorge (1984)

proposed that the findinp cou1d be ezpIained
by the formation of a hot spot behind the
center of the brain.

De Lorge (1978) studied behavior disrup­
tion of an operant task in albino rats, squirrel
monlceys, and rhesus monkeys. Power densi­
ties were 0 to 75 mW/an2• Monkeys were
restrained as discussed earlier, while rats were
unrestnlined. Animals were trained in a food­
reinforced operant task. Behavior was dis­
rupted at a lower-power density for rats than
for monkeys, probably because the wavelength
is closer to the resonant-absorption frequency
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effileIs on beMvior were only seen at the
JU,hest aposure, 5.8 W/kg and 72 mW/anz

for 60 minUle$, as the JIICJDbp became •
tabld, thea cooknaps aad slept:. Approximately
10 min.. after aposure ceased. the animals
became active again. Colooic: temperatures
displayed a logarithmic relationship with
power densities greater than 16 mW/anz as
shown in Fig. 3-3. De Lorge (1976) observed
that the animals adapted to MW exposure
both in behavioral responses and in tempera­
lUre measures. He suggests that the threshold
for behavioral effects in rhesus monkeys a­
posed as described is between SO and 70

Biologiall Ffficts of RmJiq..Fref'U7KJ Fields

POWER DENSITY mW lem!

Figure 3-3. Increase in the average rectal temperature in three
rhesus monkeys as a function of the incident power density. The
numben in the upper left refer to individual animals. From
de Lorge (I976).
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Species (W1kg) (mW/cm2) (dxJDiQ) Eftec:ta , IWer-w

BlHAVIORAL Tl!RATOLOGY,
Mice

(female) 2450 38±3 NR I xIO No Chemovetz
PuIscd differences etaL

in 1975
performance
in a swimming
maze

Monkeys 2450 0.0034, NR IOX5 No Kaplan
(female) PuIscd 0.34,3.4 differences etaL

in locomotor 1982

behavior.
significandy
delayed time
to reach dams
for pups exposed
at highest SAR

Rats 2450 16.5 10 See text Effect seen Galvin
(female) CW to on swimming eta!.

5.51 endurance and 1986
startle
responsiveness

86

TUle J-7. (Continued)

')
,Ii
\ .,
, 1.

I' \., I'11' ,

H:
'il' 11
i ;1

f I

i/

I,:

I

II
I,
! ;

I !
iH
. ,I
, 'I

I
;1

I"
I' h'l

/

.1
'; I



r.
.. 88 lU4i.-Prrptf19 lid ELF Electr-.petic E"ef'Jies Bio/egic Fffrctr tflbuJi"..~FkIiIs 89

o I ' iii iii iii iii i ,

o '0 20 30 40 50 10 70 10 1IO 100 110 120· 130 140 1$0

POWE~ llENSI7Y (",WI...' I

Figure 3-4. Average colonie temperature change above values in sham-irradiated control animals at three
frequencies as a function of incident power density. From De Lorge (984); used with pennimon.

for rats. Thresholds of disruption are shown
in Table 3-7. To disrupt behavior, de IMp
found it necessary to elevate body temperature
more than 1°e aboYe ClDIlttol~

The importance ofeJevated body~
ature was observed in an experiment where
five rhesus monkeys were trained in a food­
reinforced task, then exposed near whole-body
resonance (225 MHz), above resonance (1300
MHz), and well above resonance (5800 GHz)
for the species. Thresholds of disruption of
the observing response are in Table 3-7. For
comparison, at 2450 MHz, behavior disrup­
tion occurs at 4.7 W/kg (67 mW/an2

). In aU
cases, behavior disruption was associa~ with
increases in colonic temperature of around
{"c. At 225 MHz there was greater energy
absorption per watt, and less absorbed energy
was necessary to raise colonic temperature by

mal Ib'eSS during and immediately foIIowm,
expoaure. and recovery from thermal saeas
SQIIIe time Ifter ClIpClIIIft. siace the tellS were,
perbmed at different tUnes fOllowing eIpO-;
sure.

D'Andrea et aI. (I986a) e:nalllJlltered dilli­
cuIties in the interpretation of results when no
differences were seen to shock sensitivity or
open-field performance, but significant differ­
ences were noted in· the variability of the
pooled data for the shuttJebox test and in the
average values in the schedule-controlled be­
havior test. This may be due to individual
responses and not to MW influence on the
entire group of animals, because the observed
variability was due to an inconsistent response
within the exposed group. In the schedule­
performance test, the exposed animals pressed
the lever more than sham controls, but in a
later study the exposed rats praKd the lever
fewer times (DeWitt et aJ. (987). "The dis­
parate results of our two studies at 0.5
mW/cm1 are not 5UJPrisinB since ClDIltradic­
tory results should be espec:ted at threshold
levela of trelblIents" CD'Andrea et at. 1986e>'

A number of reaem:hen have examined
the effects of pulsed IF radiation on behavior.
Frey, FeId, and Frey (1975) IIW no ditrerencea
in preference to the radiated or noandiated
side of a shuttlebo. during the fiM 2 days
of exposure. For the last 2 days, the pulsed­
exposure pup (width - 0.5 IllS. PRF­
1000 Hz) showed a moderate preference for
the nonirradiated side of the shuttlebox.

As with CW studies, the body tempera­
ture is an important determinant in effects.
Adult Wistar rats, exposed (6.3 W/q. width
- 2.5 m.~. PRF - 120 Hd such that body tem­
perature was elevated by about I. 7°C. demon­
strated a transient reduction in ("xploratory
activity. In a swimming performance test, ani­
mals were tested in 24°C water immediately
after exposure. Colonic temperatures in the
11= W/kg group were ~ 41"C, demonstrat­
ing severe hyperthermia. All exposed rats dis­
played a reduction in swimming speed. after
swimming for some time. Animals exposed at
the higher SAR showed "an observably gross
impairment in performance for a few initial
traverses, which was followed by a period of

wen~ at four difl"uent SARs at 600
MHz., as shown in Table 3-7. Animals tened
IS their own controls, with bueIine ....
determined prior to exposure. CoIoaic tem­
perature WII IIIeMIImI at the Iqinaing and
end of the treatment.. Animals were trIinecI to
press a lever to receive food pdJet reinlOn:e­
ment (work) and were entuated on the tUne
to work stoppage after beginning exposure.
Work stoppage came most quicldy and body
temperature was highest when animals were
exposed at 600 MHz, near resonance for the
species. Frequency-dependent differences in
time to work stoppage were statistically signif­
icant. The researchers observed all animats
exposed at 20 mW/cm2 licking their fur,
which they speculate was to produce evapora­
tive oooling. Work stoppage did not occur at
the two lowest SARs at 600 MHz. At 8 W/kg
work stoppage occurred after about 4S min­
utes and around 25 minutes at 16 W/kg.
Colonic temperatures were highest at 16
W/kg. When the SAIl was halved, the core
temperature inaase was reducedp~
ateJy. At the lower SARs, colonic tempera­
tures were slighdy above baseline values.

Mitchell, Switzer, and Bronaugh (1977)
found that averap locomotor IlCtivity was sig­
nificantly increased in MW-exposed rats, and
nonreinforced food responaes were madtedly
different. An ancillary obseJ'V'ltion was that
four of the exposed animals lost fur on their
backs, while this was not observed in control
animals. There were "no striking abnormali­
ties in behavior" between these animals and
the nondepilated rats. Blackwell and Saunders
(1986) questioned the observed depilation:
"Whether this was due to some other cau~ is
nO[ dear, but it is possible that this was not
due to the microwave exposure, and that the
same cause might be responsible for the be­
havioural effects as well So this result should
be trea~ with caution."

D'Andrea et aJ. (J979) observed that activ­
ity on a SIabilitnetric p1atfonn was signifi­
cantJx decreased in MW-~d animals.
However, activity as measured by wheel run­
ning was not significandy affected. The differ­
ence in the outcome of these two measures
was interpreted as providing evidence of ther-

',,- 5.1 OH.

{V_.A_. 101 _j
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re. These dala were used 10 IDI1yze the
ability of the SAlt and power demity to
predict the obscned dfec:ts: "By all Ja:OUIlts
SAR is obviously a' beucr predictor of reo
spoase disruption than power density, but in
both CISeS one has to take frequency into
consideration. A more reliable, sinP inda of
behavioral disruption is a AT of colonic tem­
perature of - re' (de Lorge 1984). The
change of temperature above baseline (average
~ 38.tr C) found by de Lorge is shown in Fig.
3--4. The AT increases exponenlialJy for 225
MHz and logarithmically for 1.3 and S.8 GHz
as a function of power density (de Lorge
(984).

D'Andrea, Gandhi, and Lords (1977) ex­
amined the effect of frequency on operant
behavior in five rats exposed at fOur diffen:at
frequencies. In a second experiment, silt rats
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apparent recovay to the controls' &evelof
pro6cieucy." After IWimmiDI U'O'IIIId 100 tn­
..... their performmce apin dedinecl. The
autb<Jn credit the dccraIem...........,....
late ill the test to early fatigue (Hunt, Xing,
and PhiUiplI975).

De Lcqe 8Dd Ezell (1980) obsened res0­

nant effms with pulsed exposures (U8 GHz:
width - J IUt PRF - 370 Hz; 5.62 GHz:
width - 0.5 or 2 p.s, PRF - 662 Hz) of
r.on,-EftDI rats. The tbresbold of behavior
disruption W1IS lower at 1.28 GHz than at S.62
GIh, 8Dd evaluatioa of local SARa Ibowed
that the petta'll ofabsorpdoa _ dift"eRnt for
the two fnquenciel, with deeper peaetration
at the lower &«(ueney (de~ aad Ezell
1980). De Lorge (984) noted no differences
in effects due to pulse parameters (1.3 GHz:
width - 3 p.s, PRF - 370 Hz; 5.8 GHz: width
- 0.5 or 2 p.s, PRF - 662 HrJ, but ditTer­
ences in disruption thresholds found among
CW 225-MHz radiation and pulsed emissions
were attributed to geometrical resonance.

If other physical parameters are held con­
stant, the energy dose varies with the PRF, as
shown in a study with WlStar raes exposed at a
peg power of 1 nap_tt (width ... 10 f'I).
while the PRF was varied to proclucl! ditrerent
SARs as shown in Table 3-7. Prior to exp0­

sure, raes were trained in food-reinforced
operant tasks with different schedules of rein­
forcement. At the highest SAR, which pro­
duced a peak SA of 14 IcJjkg, an absolute
work stoppage was observed. Work stoppage
was not observed at the other SARs. Colonic
temperatures at the highest exposure were ele­
vated by about 2.5°C. Colonic temperatures
were also elevated by 0.7°C at 7.6 Wjlcg. but
behavioral measures were not changed (Akyd
et al. 1991). The findings are consistent with
the hypothesis that behavioral effeecs have a
thermal derivative.

D'Andrea. Cobb, and de Lorge (1989)
delivered 3-ps pulses to confined rhesus mon­
keys at a number of PRFs, which doubled the
SAR for each doubling of the PRF. Animals
underwent operant conditioning for a c0m­

plex multiple-schedule performance of food­
reinforced tasks. No statistically significant

W.-FreftU1l'Y _u ELF EI,ctrOm_,;rlttic Ertcr,;'s

di8'erebeeI were fomld for any measure. Other
raeuc:hers 'apoeed rats at peak pmn:t'I in
... of 700 mepwatlS (3000 MHz; width ­
80 III; PRF - 0.125 Hz). ,'IhiI produced ef.
rec.. ori IIIIDe ....... daJiDg with abe po­
c:asiDg of JaJIOIy informadoo (diIcrimiDabiI­
ity. sessioD lime, 8Dd trial completions). This
_ intuprered as atTecring cognitive function
at Jevds Jess than the 0.4 W/kg value of
WBA-SAR m:om.mended in the safety stan­
dards. Exposure occurred at levels that would
produce mia'owave hearing in the test ani­
mals, but testing fOllowed exposure. Hence,
the .uthors coodude that the observed effi:cts
are not associated with the hearing phe­
~(Rad~etti.1993~

Long-terJn aperiments have also enlu­
.ted behavioral end points, as mentioned in
Section 3.3.1. Performance was not reliably
affected in 14 open-field assasmenes spanning
a 2-year period in rats exposed at .n average
SAR of around 0.15 to 0.4 Wjkg (Johnson
et al. 1983; Guy et ti. 1985), Lebovitz (t98l)
exposed raes in individual _veguide exposure
chambers (width -1 IUt PRF - 600 Hz). No
significant differences in operant behavior
were oblletved at l.S W/q. while~ at
U "" not rtlaw,~. At U WI",
there were changes in visually cued and nonvi-
mally cued responses. Lebovitz suggests that
3.6 Wjkg may be around the threshold for
the observed effeecs.

It has been suggested. as noted earlier,
that some behavioral effects observed with
pulsed microwaves may be due to MW hear­
ing. For example, Thomas et aI. (1975) ex­
posed rats as shown in Table }-7 (width =

1 IJ.S, PRF - 500 Hz), finding highly variable
results and no dear trend in response behavior
(Thomas et ti. 1975). The, suggestion that
the outcome may be due to auditory effects
gains support because peak SARs. 200 to
8000 Wjlcg, are high enough to produce mi­
crowave hearing (Blackwell and Saunders
1986). It is possible that microwave-induced
auditory effects (peak SARs estimated at
1.7 kWjkg) could explain the behavioral
changes in a study by Schroc, Thomas. and
Banvard (1980). Blackwell and Saunders (1986)

BiDIogic F/frcts ofRMlio-F",fW1ICY Fi,Ms

h)'potbesize that the auditory e8ilcts could
line "interfered with the discrimination of

, tone cueing" that _ used in this stUdy.
In the area of behavioral teratology,

0lern0vet7. et al. (l97S)~ pregnant
OH-He;J mice on day 14 of gestation, then
allowed them to present naturaUy. There were
no differences in MW-treated. mature off­
spring and controls in a swimming maze.

Kaplan and colleagues (t 982) exposed
pregnant squirrel monkeys and offspring (up
to 6 months postpartum; see Section 3.3.4.2).
They observed a significant difference for the
high-dose-rate group in one of five percep­
tual-motor development tests, directed loco­
motion.

Galvin et a!' (1986) divided offspring from
MW-exposed and sham-exposed groups into
two groups. One was exposed. while the other
received no postnatal exposure or sham exp0­
sure. Motor activity, limb grip strength. nega­
tive geotaxis, and reaction time to an adverse
thermal stimulus were not reliably affected.
Startle responsiveness in exposed female pups
was significantly elevated in both the elperi­
ment and a replicate. In the experiment,
swil1lJlUng endurance was significantly differ­
ent It • 30 dll14l fur both pren«ooly txposed
males .ad 1ft- and pi)MNtiu,~~
and females. By 100 days of age, there were
no significant differences. and MW-exposed
males exhibited greater swimming endurance
than shams. In the replicate, all exposed groups
had significantly decreased swimming en­
durance at }O days (Galvin et al. 1986).

In summary. most behavioral studies have
been perfonned with rats at M\V frequencies,
primarily 2450 MI b. MW irradiation has been
shown to disrupt learned behavior. with spe­
cific changes in operant behaviors. A change
in operant behavior observed frequently is re­
duction in the response rate (de Lorge 1983,
1985). For CW exposures, changes in two
different end points were reported at SARs as
low as 1.2 Wjlcg at 2450 MHz. although
these data were highly variable (Thomas et a!'
1975). Increased lever pressing was observed
in an experiment at 2450 MHz with male rats
exposed at 0.14 W/Icg (D'Andrea et aI. 19861),..

91

while decreased lever pressing was found in
IIIIOdter aperiment (DeWitt er ti. 1987).
Other researchers did not detect the same
outalIDe in two aperlmeuts with male rats
aposed at 2.7 W/Irg ancl24S0 MHz (Mitchell
et aL 1988, 1989). MW exposure may also
change innate locomotor behavior. D'Andrea
et al. (1979) found changes in natural behavior
measured by stabilimetric activity. decreased
locomotor behavior.. at 1.23 Wjlcg and
2450 MHz. Conversely. Mitchell. Switzer. and
Bronaugh (I977) found an increase in loco­
motor behavior at 2.3 W/Icg and 2450 MHz.

A number of behavioral studies addressed
pulsed MW radiation. Frey, Feld, and Frey
(1975) reported distinct differences in a single
behavioral end point in TIes exposed 1:0 pulsed
{0.2 W/kg) or CW (2.4 Wjlcg) radiation at
1200 MHz. Leboviu (1981) found a consider­
ably bighereffeetive SAR, around 3.6 W/Icg,
for raes exposed to a 1300-MHz field. Raslear
and coUeagues (1993) found changes in cogni­
tive function in male rats exposed at high peak
powers. In a small sample of raes exposed near
their whole~body resonance frequency of
600 MHz, average SARs of 0.4 and 4.1 W/Icg
did not induce work stoppage (D'Andrea,
Gafiilhi. iftd lanhI977).. hlsed Op'os\lft of
~ at 1)00 MIt, m4 SAIl ~~
0.05 and 0.8 Wjkg did not produce any
significant differences in behavior (D'Andrea.
Cobb, and de Lorge 1989), while 4.5 W/Icg
disrupted behavior (de Lorge 1984). Akyel
(I99I) and colleagues suggest that the thresh­
old for effects at 1250 MHz is less than 23
Wjkg and approaches 7.6 Wjlcg. Hence. most
of the available information does not indicate
significantly reduced effective SARs fur pulsed
exposures. although this analysis does not con­
side the potential influence of PRF and pulse
width.

Possible reasons for some of the inconsis­
tent fmdings in behavioral studies include ex­
periments performed near the threshold for
effects at a given frequency for a given species;
use of a small number of animals; use of
ditTerent species and strains of test animals;
behavioral evaluation after MW exposure ver­
sus evaluation during exposure; method of
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Spea.e (WJIrI:) c.aW/_J) .... ad; ( ~IW

a- NR 80 00e::aIIy ~ Munc:a, FIIri,
(male) to II:IOCIJm) drectsto and Buchta 1976

tl:Slic:ular
tissue

Rats 0.9 to 5 No significant Berman, Cuter,
(male) 4.5" differences and House 1980

on reproduction
2" 10 No significant

differenc:es
5.6" 28 Temporary

sterility

Rats 9 NR No significant Lebovitz and
(male) MW efI'ectJ Johnson 19B7

RID US UI 00'48 Increased Joimlaft
(nU) 0.• IaticaIar etaL 1984

_atB
montha but DOt

at 2S months

Rats 2810 NR Nooheervcd aaa-ett,
(female) ). mal6xDmlioDs, J---.8ftd

_matemal ObI977
deachs IUd iDc:reased
resorpIions

Rm 3.6 to 20 No sipi6c:aat Jensh,
(kma!e) 5.2 ~ia Wciftbeq,and

mallOnnations Brent 198)

IUts 3.6 to 20 No differences JeftIh, VopI,
Cremale) 5.2 in neonates in IUd Brent 198J

five behavior
~ts; exposed

'females were
more lCtive chan
exposed males

Rats 2 to 3" 10 No differences Shon:. Felten,
{female> in litter size; aadLamanna

significant 1977
differences in
body/brain weiPts

Rats 4.2" 28 No significant Berman, Carter,
(female) differences and House 1981
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radiation delivery, e.g.. locally tQ dlc cop of
the head Wl'IUS &onWly 10 the whole body;
high-peak SARa possibly iDd1IcinJ MW bar­
ing; type ofoperant..evaluated; cIifI"etences
due to sampling error or some arti&et; IDd
other differences in ezperimental medwds.
Obviously, many of these differences b'lUISlate
to experimental limitations wt may make the
experimental findings difficult to interpret.

The threshold for behavioral responses is
not only associated with a significant illCl'e8Se
in body temperature due to absorbed RF en­
ergy, it also appears to be frequency depen­
dent. Experiments with tats and IIlOIIb,I at
multiple &equencies ad SARs hPe dem0n­
strated the importance of Jcometric:aI~
nance in establishing the lowest effecdve SARs
for measured end points. De Lorge (984)
demonstrated that SAR thresholds for beha",.
ior disruption in monkeys varied with b­
quency. The thresholds were 3.2 W/kr at 225
MHz, 4.5 W/kg at 1300 MHz, 4.7 W/kg at
2450 MHz, and 8.4 W/kg at 5800 MHz.
D'Andrea, Gandhi, and Lords (1977) found
that the near-resonance frequency of600 MHz
produced the shortest times to work sroppage
in male Long-Evans rats, and this appeared to
be SAR dependent. At SARs of 4 and 6 W/kg,
rats completed the experiment without work
stoppage. Time to work stoppage WlIS in­
versely associated with SAR at 8 and 16 W/kg.
Lebovitz (1981) suggested that SAR thresh­
olds near 3.6 W/kg exist for effects observed
with female rats exposed to pulsed microwaves
at 1300 MHz. D'Andrea and colleagues
(1986b) observed the threshold for effects be­
tween 0.14 and 0.7 W/"g for male rats chron­
ically exposed to CW, 2450 MWs, although
effects were more clearly established at the
higher SAR.

Although analysis using whole-body SAR
appears to be an adequate predictor of the
threshold for behavioral effects, de Lorge
(1983) suggests that other facets of energy
absorption may be more important "such as
distribution or local resonance might be more
consistent parameters for predicting behav­
ioral effects." Also, as indicated earlier, rectal
temperature change of more than 1°C may be
a more useful predictor in the laboratory.

k.Ui..Pr'f'"'"1 ."lELF EltttrolfHlpttic ElUrJits

However, this asumes that the .c:tuaI eatIlIe of
the behmonI c:hqeI is whoJe.body tempeI'­
lUBe ....., which ID8)' DOt be the cue.
Apia, turning tQ the daoaJhts of de l.orp
(1983), it is poISible that "the causal apat
rouJd be eIleIJY deposition in the bnin or
head area."

3.3.5' E«ects on Reproduction,
Development, and Growth

The potential tor RF-induced reproductive
IDd deftIopmencai effects has been evaluated,
primarily at &equendes of 2450 and 27.12
MHz, and ill d1e VLF and LF pans of the
spectrum. These tpeetnl repoas are impor­
tant because of rhc lalF number of SO\1rteS

that operate ar rhcse frequencies and binds.
2450 MHz is used in rnic:rowIve heating in
both public and private seeton. Results of a
number of SbIdies at this &equency are in
Table 3-8. Many 27-MHz sources are used in
indusuy and medicine, including dielectric
heaterS, plasma processors, diathermy and hy­
perthemUa dmces; 27 MHz is also used in
the public sector in communicadons devices.
Table 3-9 is a compilation of stUdies at
27 MHz. VLF and LF &equencies have been
studied because of concern about RF emis­
sions from cathode-ray-tube type televisions
and visual display terminals. Literature re­
views of studies of reproductive effects are
available (O'Connor 1980, 1990; Elder and
Cahill 1984; NCRP 1986; Michaelson 1986;
Michaelson and Lin 19R7; Lary and Conover
1987; Chiang and Shao 1989).

3.3.5.1 R~Efficis

The testes were the first reproductive
Struel:lU'e studied. Testicular damage is an ob­
vious end point for study because of the ther­
mal sensitivity of that gland. Generally, stud­
ies showed that RF exposure can produce
degenerative changes when temperatures were
elevated (lmig, Thomson, and Hines 1948;
Prausnitz and Susskind 1962; Ely, Goldman,
and Hearon 1%4). However, the method of

1'-;::~
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Tallie J-8. Studies ofReprodatclift and~AImarmaJidea. 2450 MBa
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SAJl Poww DeDlity
Species (Wfls) (aW/_Z) E8'ects IleCaeDccW

H...-rs 6" ZO No sipific:ant Ben.n, Carter,
(female) difImnc:es; mel House 198Z.

9" 30 inc:reued
resorpIiOJJS mel

. malfonnations;

decrased
fetal weight

Mice 38±3 NR No significant Chemovetz
(female) effects due to etal. 1975

MW radiation

Mice ~43 ~123 Malfonnations, Rugh et aI. 1915
to (estimated) esencephalies;

:!> liZ· effects include
resorption,
stunting, and fetal
death

Mice 80.8 NR Largest number Rughand
(female) to of malfonnations McManaway

217 in microwave- 1976
exposed group;
effects reduced
in groups receiving
anesthesia +MW

Mice 2to 3.4,13.6, Statistically Berman, Kinn,
(femald 22.Z 14,28 significant and Carter 1978

increase in
cranioschisis
with sum of data
collapsed al'ross
M\V'ITCallllelll
grolll·'"

Mice \(>.5 ZR Significant Berman, Carter,
(female ± 4.5 di£ferences in and House 1982b
and body weight and
,.f1s\,ring) immature skeletal

development

Mice 23.4 to 30 Significant Nawrot, McRee,
(female> 40.2 increase in and Staples 1981

malformations,
cleft palate
observed most
frequently

MIl Poww~
Species (Wfls) (aW/_Z) E8'ects JWerenc:e(s)

Mice 40.2 30 No differences Nawrot, McRee.
(female) in brain and Galvin 1985

cholinesterase
activity or
malformations

Mice 0.48'·~ NR Significant Fukui et.1.
(female) differences 1992

in number of
pyknotic cells
in embryos

Mice pups 113 to NR Significant Rugh 1916b
93 (dams) differences in

body weisht for
117 to NR both selles

I22(pups)

Rat pups 9 to 10· 40 Increased Guillet and
adrenal Michaelson
weights, no 1917
differences
in growth rates

Rat pups 0.9 to 5 Increased Smialowci~

4.7 response of Kinn, and Elder
lymphocytes 1979
tomitugen
stimulation

Squirrel 3.4' NR Increased Kaplan et al.
monkeys infant 1982
and offspring mortality

Squirrel \.4' NR No differences Kaplan 19111
monkeys in infant
and offspring mortality

Mice pups I(d' 28 Reduced hrain Bem13n, Carter,
weights and House J984

Rat pups 2104/ 10 Differences in Galvin et al.
(post- and 16.5 to swimming 1986
prenatal 5.5' endurance times,
eltpOSure) startle

~5J'O"Iivc:neil$,

1M body weillht
(see texd
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SAR. ~1M!kY

Species <WflI) <mW/ClD1) E8."ec:u ~

Rata NR 1.5 to 2 No difJeraIcea
EarIe_

(female)
in ___ties; Blah 1985
lengthened estr1IS

~Ie

Chicbn NR ZOO Abnormalities Van Ummersen
280 and death when 1961

100 cemperature
approached SS"C

Quail 14 30 Nodilfemtces Hanuidc. and
in IOOIt McRee 1975
bloodbome

end points; no
dilfereftces in
malfOrmations

Quail 14 }O No significant McRecetal.

differences 1975

Chicken NR l.<ho Differences Fisher.
6.2 in rate or Lauber,sod

development Voss 1919
in 4-day and S-day

exposed eggs

Quail Uto S Increased Spienand

3.8 growth rates Baummer

IJ.2 to 20 1991

15.2

Chicken 2.9 3.6 Reduced Braithwaite

hatchabIlity et .1.1'191

in f(roup
ret'flJvmg

gr~atoest ('Xf'Wiure

duration

•Estimate from EId.r and Cahill (J984).
'The SA was estimated by the .uthors. and exposure durations were reported as <: 5 minutes. so estimates of SAR
are given as S 5·minure values.
'Maternal SAlk
~SAR does nor represent whole·body exposure since the head and neck region was shielded with reflet'tive
m:lterial during exposure,
'SARs were cited as 9 to 10 W/kg. but the EPA (Elder and Cahin 1984) estimates substantially higher values,
between 20 and I'iO W/kg.
f Estimated feral SARs.
(Postnatal SARs.
NR. not reported.

SAIl Field sare.,da
<WflI) (V/m) (A/m) E8."ec:u RelcretK:c<s)

0.007 220 0.1 Reduced number ofmatings Brown·Woodman
to to to and reduced conception et al. 1989

O.OS· 670 0.3 after mating

11.1 to 300 55 Increased postimplantation Laryetal.

125 deaths and resorption; 1982
increased visceral, skeletal,
and external malfonnations

-II 300 55 Embl)'Otoxic and teratogenic at Lary etal.
eleVllted temperature HI and 4ZOC 1983
versus 38.I"C), especially with body
temperature maintained for longer
exposures; malfonnations restricted

to head

-II 300 55 Threshold temperature for birth Laryeral.
defects and prenatal death - 19116
dam's colonic temperature 41SC

0.00011· 20 0.05 Increased resorprions, mluced Tofani
body weight inc:rase, et at 1986
incomplete cranial
ossification

NR NR NR Resorptions and maUOmaalions Brown·Woodman
increased with increasing et at 1986
rectal temperatures

2.8' 5W/cmu Embl'yolethality at PRF .. 10'" Brown·Woodmaa
4.2 IOW/cm1 for 60 minutes (2.8 W/IIa); no .nd Hadley 1988
S.l'> IS W/cm1 differences in fetal wei,ht,

external IlllIlfonnatinns, or

cnre temperature
f---------
~R ~R \:R Effer·ts de"endent "I'"n Die17.e1 1'>75

I'rej{nanrT ph.,e; m.lf"r·
fonnat;on frequent)' direcd}'
related to rcctaltcmperarure

•Beou.... of the spatial inhomogeneity of the fidd near the electrodes and gang exposure methods. only very enule
dosimetric estimates can he made. and d,ese mmt he used with ....ution. F.sumated SARs are based on the
extremes of the measured field strength. The basis for thesc estimates is ,nfonnauon in Durney. Massoudi. and
Iskander (1986).
'This is an upper limit of possible SARs.
:SARs, were detennined using a saline-filled model (If a JOO'g ....t housed in the exposure cage.
Pulsed at PRf - 10. lO. or JO Hz.

NR, not reported; PRF, pulse repetition frequency.
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temperature measurement in some of these
studies could confound the results because of
the use ofmetallic needles and thermocouples
that could modify the loc:aI field.

Mikolajczyk (1976) found no changes in
testicular weights in rats (2860 to 2880 MHz,
10 mW/cmz, SARs - 1 to 2 W/kg) (Elder
and Cahill 1984). Muraca, Ferri, and Buchta
(1976) compared testicular effects produced
by local heating at 2450 MHz or scrotal im­
mersion in heated water. Both treatments pro­
duced similar histOlogic damage to testicular
tissue. The researchers suggested that some of
the MW effects may not be associated with
thermal processes, but this was inconc:lusive.
Michael500 and Lin (1987) suggested that dif­
ferences observed by Muraca could be due to
"different heating rates or thermal gradients
produced by the two heating modalities." In a
long-term study of Sprague-Dawley rats, tes­

ticular mass was increased (marginal statistical
significance, P = 0.04) in exposed animals at
13 months but not at 25 months GOMson
et a1. 1984). Hence, MW radiation cannot be
viewed as reliably affecting testicular mass in
this study.

Male Sprague-Dawley rats exposed at
5.6 W/kg (see Table 3-8) demonstrated tem­
porary sterility. No differences were found in
body and organ (testes, liver, adrenals) weights
and sperm concentrations (Berman, Carter,
and House 1980). Smialowin et al. (1981)
studied sperm mutagenesis, observing no dif­
ferences in a dominant lethal assay in male
Sprague-Dawley rat pups exposed ( 100 ,\11 IT..
2.5 to -' W/kg).

The potential for microwave-induced ef­
fects on reproductive hormone concentrations
has been examined. A single 8-hour session at
1.3 GHz (average SAR = 9 Wjkg) in a cylin­
drical wavegUIde section produced a 4's°C rise
in rectal temperature in unrestrained male
rats. There were no differences in daily sperm
production and follicle-stimulating hormone
(FSH) and luteinizing hormone (LH) levels.
Both seminal vesicle weight and epididymal
sperm count were significantly different on
day 26 but not at the other three sampling
periods. The authors conclude "that the
dearly thermogenic dose was not sufficient to

R6Ji.-Fr'f_nrcy _"J ELF Electrom_p,ti, E","';'s

induce a critical temperature rise in the testes
of unrestrained rats" (Lebovitz and Johnson
1987).

Rush and colleagues found that female
mice were more sensitive to 245O-MHz MW
irradiation than males and that the lethal dose
in females showed an estrus cycle dependence
(Rugb et a1. 1975; Rugh 19700). Earle and
Blake (1985) found that the estrus cycle
lengthened in exposed females but observed
no differences in reproductive capability. At a
substantially lower frequency (2 kHz),
Baumann and coworkers (989) restrained and
exposed female nits to a 2-mT magnetic field
after the animals received an implantation of
mammary adenocarcinoma near the lower
nipples. Caocentration differences of pro­
lactin and LH were statistically significant.
Levels of FSH approached significance, while
estrogen and progesterone were not different.
In a replicate experiment, there were no sig­
nificant differences in concentrations of LH,
FSH, and prolactin. Data from vaginal smears,
obtained from both experimental groups,
demonstrated no differences.

Potential effects on reproductive capacity
and performance have been evaluated in
multigenerational studies. No reproductive ef­
fects were found in two female dogs exposed
to 14-GHz microwaves (24 mW/cm l ), and in
two generations of mon~e1 dogs exposed to
pulsed MW (width = 3 p.s, PRF = .360 lIz) at
1285 ,1\1Ih. In the latter experilllent. SARs
wert' 1 \\'jkg (20 1Il\\jnn:). 2.<; \\/k~

(50 IIlW/CI1l·1. or <; \\/kg ClOO 1Il\\/el1l~ I
(Michael",", I lowland. JIl<l 1lcKhnunn 1'/71)~

In another multigeneratlonal ,tudy. Jt'n,h
(1984a, 1984b) exposed pregnant Wistar rats
to 6-GHz microwaves at 35 mW/cm!
(SAR - 7.3 Wj!cgl. Maternal weight gain of
the irradiated rats was significantly less than
concurrent controls at day 21 of gestation.
The average number of fetuses per Flo (in
utero exposure group) litter was lower for the
irradiated dams. When rebred to produce the
F.. (second) generation, irradiated dams
weighed less than concurrent controls but had
a greater weight change throughout preg­
nancy. There were no differences in the aver­
age F I b litter size.

B~ Effias of1lJIIJio-F"'fumtJ FitMs

Jensh, Weinberg, and Brent (1983) per­
formed a similar experiment at 2450 MHz
(see Table 3-8). Dams were aposed 6 hid
throughout pregnancy. At age 90 days, balf of
the Fl. generation was bred to measurer~
duetive ability. Male and female animals were
bred within that group and with controls. The
average litter size and the initial average ma­
ternal weights were significantly different
when both parents were control animals. Final
average maternal weights were not different.

Brown-Woodman et al. (1989) evaluated
the reproductive function and fertility of fe­
male Sprague-Dawley rats exposed at 27 MHz
(see Table 3-9) and performed two duplicate
trials. Females were mated with unexposed
males 3 days after exposure was ceased. RF­
exposed animals exhibited a reduction in mat­
ing and a reduction in pregnancy in both
experiments. When the data from both trials
were combined, the finding was statistically
significant.

1.1.5.2 DeveloJnnmlJlJ Effects

A number of studies have demonstrated
that RF fields are embryotoxic and terato­
genic. The following review will consider
mammalian effects at 2450 and 27.12 MHz,
VLF and LF regions, and other selected fre.­
quencies. Mammalian species that have been
studied include mice, rats, hamsters, and mon­
ke~'S. FffCl'ts on a\·ian emhryos will he ad­
dr"-sell separately.

In reviewin~ anilahle teratology data, the
rt'adt'r shollld keep in mind the c1assificatinn

Table 3-10. Developmental End Points

Type I Changes

Reduced live births
Reduced live fetuses
Increased resorptions
Increased fetal malformations
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scheme for deveJopmental end points pro­
posed by Frankos (1985) and modified by
Thomas and Ballantyne (1990). These end
points are shown in Table 3-10. This scheme
classifies developmental effects into either type
I or type II changes. Type I changes are
irreversible, life-threatening changes that are
usually associated with gross malformations.
Type n changes are reversible, non-Iife­
threatening, and are not related to malforma­
tions.

3.3.5.2.1 2450 MHz The frequency of 2450
MHz is supraresonant for the rat, which
means that energy absorption is less than opti­
mum. In the studies reviewed in Table 3-8,
there were no reports of increased malforma­
tions in the rat at SARs from 4 to 40 Wjkg at
1450 MHz. Increased resorptions, a type I
change, were observed at a SAR of 31 Wjkg
for 20 minutes, which produced an average
rectal temperature of 42 ± tOC (Chemovetz,
Justesen, and Oke 1977). One group of re­
searchers noted reduced postnatal body
weights for pups exposed in utero at maternal
SARs of 2 to 3 W/kg, although increased
ambient temperature during pregnancy con­
founds interpretation (Shore, Felton, and
Lamanna 1977). EPA researchers saw no ef­
fects on fetal weights at a maternal SAR of
4.2 Wjkg, and postirradiation colonic tem­
perature of 40.3 ±O.4°C (Berman, Carter, and
House 1981). Jensh, Vogel, and Brent (1983)
found increased activity in first-generation fe­
males where the dams' SARs ranged hetween
3.6 and 5.2 W/kg.

Type n Changes

Reduced birth weights
Reduced postnatal survival
Reduced posmatal growth,

reproductive capacity
Increased fetuses with

retarded development
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ever, the differences in ineompIete cranial OlIo­

sification Ire highly significant for alf e~
sure groups.

Lary (/991) hypothesized that the 0b­
served effects were stre5$-induced and offi:n:d
the following scenario as a possible ellplan.
tion. The experimenta' animals were capaci­
tively coupled to the source, which produced
high local levels of current density and SAR.
This stressed the animals, altering the nonnal
hormonal physiology of the dams. Eggs were
able to implant successfully in the uterus but
were unable to develop during post-implmta­
tion because the uterus could not support
embryonic development. The effects on cra­
nial ossification and body weight represent a
stress-induced delay in development.

Although the findings by Tofani et al.
(1986) cannot and should not be dilmissed, in
light o( the number of questions dealing with

although this would not be indicated by esti­
mates of the average SAR. (2) In regard to
temperature measurement, it is not dear if the
rectal temperatures were measured c:ontinlfo
ously during exposure in a small number of
animals, or if the animals were removed from
the field to sample temperatures. Both treat­
ments can induce a stress response in the
animals. Also, calibration of the mermomeny
system is not detailed. (3) It does not appear
mat blind methods were used in the interpre­
tation of teratologic end points. (4) There is
an inconsistency in the birth-weight data and
data on incomplete cranial ossification. Here,
there is a trend of decreasing birth weight that
is consistent with the observations of in­
creased incomplete cranial ossification. The
inconsistency resides with the relative magni­
tudes of these effects. The differences in birth
weights are not statistically significant. How-

pr:epaocy were seen in female ftc. (Brown­
Woodmab et at (989). Gq-apaeure ..
Piques used in this aperiment and the pro.
imity of irndilled uUmaIs to the soun:e do
not allow the SAR to be reIitbly estimated.
Two studies reponed that developmental &­
fects depended upon the phase Gf prepancy
in which the dams were irradiated (Dietzel
1975; Laty et al. 1982) and that adverse devel­
opmental dfeas were directly related to the
maternal rectal temperatures (Dietzel 1975;
Laty et aI. 1982, 1983, 1986; Brown-Wood­
man et aI. 1986). Dietzel (1975) observed a
biologic gradient ror malformations as a func­
tion of temperature, while Laty and c0l­
leagues (1986) established embryotoxic and
teratogenic thresholds in defining a dose­
response curve. The incidence of embryo
death and malformations exhibited a dramatic
increue when the dam colonic temperature
exceeded 4U·C, as shown in Fig. 3-5. APn,
malfOrmations were primarily to the head.
Lary et aI. (198) demonstrated that the inten­
sity of the observed teratogenic effects was
associated not only with the dam's colonic
temperature but also the time that the temper­
ature remains in an elevated stlIte.

Tofani et aI. demonstrated type I and IJ
changes at an extremely low SAR estimated to
be less than 0.00011 W/kg (To(ani et al.
1986). Lary (J99I) analyzed the study by
T ofani and provided infonnation on four im­
portant points: (I) The n.12-MHz exposure
system used produced near-field exposures of
the test animals, which possihly could produce
capacitive coupling between the test animals
and the antenna. At NIOSH, Lary exposed
rats in a TEM cell, estimating whole-body
average SAR, based on field-strength values in
the cell, to be around 0.2 W/lcg. However,
the animal bodies, being very close to the
source, capacitively coupled to the source,
which produced very high current densities in
the tails of the rats. This led to local SARs
around 1000 W/lcg, and local temperatures
were elevated to 50 to 60·C. which "cooked"
the tails of the experimental animals. In some
cases, the animals lost their tails about I to 2
days aher exposure. Obviously, under these
conditions the animals were severely stressed,

The frequency of 2450 MHz is near res0­

nance for Jaa-ters and mice. so eDeJ'IY ab­
sorption should be enhaoced. Berman, Carter,
and HOUte (1982,) detected a number of type
I changes including increased resorptions and
fetal death at a SAR - 9 W/kg, which de­
VlIted mean rectal temperature to around 4O"C.
No differences were seen at 6 W/kg. In­
creased resorptions and fetal death were Db­
sel'Rd in mice when dams were exposed be­
tween 81 and 217 W/kg, producing a 40.8"C
rectal temperature. Effects were greatly atten­
uated at the same SAR range when the ani­
mals were treated with a hypothermic anelt­
thetic (R. and McManaway (976). An
average SAR of 16.5 Wjkg (or 100 minjd
produced a marginally significant delay in de­
velopment, a type II change (Berman, Carter,
and House 1982b). Bennan, Kinn, and Carter
(J 978) found significant abnormalities in the
low-SAR group, but not in three groups
treated at higher SARs. When these data were
collapsed across all treatment groups, a signifi­
cant increase in cranioschisis was noted. How­
ever, a biologic gradient was not observed
with SAR, and collapsing the data across dose
rates does not provide convincing evidence
that MW radiation reliably affected this end
point. Nawrot, McRee, and Staples (l98t)
noted type I effects-reduced implantations
and increased 3bnormalities-at SARs be­
tween 23.4 and 40.2 W/kg, which increased
colonic temperatures an average of 2JoC. In a
second report, these effects were not observed
at a local uterine SAR of 40 "'-'/kg. for a
2.3°C colonic temperature rise (Nawrot,
McRee, and Galvin 1985). Fukui et al. (1992)
observed an increase in pyknotic cells in em­
bryonic brain tissue of mice treated with mi­
crowaves (core temp. = 42.5°C) or hot water
(4ZOC) on day 13 of gestation, and a statisti­
cally significant increase in embryo death in
the MW-treated animals in comparison with
controls. The authors attribute the effern to
thermal stres.s.

3J5.2.2 n/2 MHz The frequencyof27.12
MHz is highly subresonant for rats, the test
animal lL';ed in all the reviewed studies. Statis­
tically significant reductions in mating and
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dosimetry and study methodology (Lu and
Michaelson 1987; Lary 1991; Tofaoi et aI.
1987), interpretation must be approached with
circumspedion. The reported e«ects life not
unique to this study and life bioJogic:ally plau­
sible with RF 1'lIdiation. However, e«ects at
the reported SAR aonot be viewed as reliably
coherent with known interaetion mechanisms
and dosimetric facts or rasonably anticipated
outcomeS until there has been an independent
experimental replication.

Brown-Woodman and Hadley (988) ex­
posed pregnant rats to puJsed fields generated
by shonwave diathenny units. SARI varied
with the PRF as noted in Table 3-9. interest­
ingly, only one type of diathenny unit pro­
duced measurable SARs in the model, al­
though both units had similar operational pa­
rameters. Animals received single exposures
on day 9 of gestation for 30,45, or 60 minutes
depending upon the PRF. Rectal temperatures
(measured before and after exposure), average
fetal weight, and external malformations were
not significantly different between the groups.
Increased resorption percentage was nored
with one diathermy unit but not with the
other. For the biologically effective unit, re­
sorption percentage varied directly with dura­
tion of exposure and inversely with SAR and
average power density. Resorption percentage
was similar to controls when a 5.6-W/1cg SAR
was maintained for 30 minutes at a PRF =

30 Ill.. Slight increases occurred when dams
were exposed 45 minutes at a SAR =

4.2 W/kg (I'I~F = 20 I Ill, and marked in·
erea,;es were noted for (,()·minlllt's e'p'"ures
at Z.ll W/kg (10Hz). Conversely. I"r the hit>·
logically ineffective unit, exposures for 60
minutes (IS Hz) or 45 minutes (26 Hz) pro­
duced a lower resorption percentage than ex­
perienced hy control animals (Brown·Wood­
man and Hadley 1988). The authors do not
offer an explanation of this result. However,
they do discuss the potential for localized tem­
perature increases within the rat body. This
would be more likely to produce the observed
differences between the two exposed groups if
the applicators of the diathermy units were
substantially different but only one type of
applicator was used 030-mm-diameter rigid
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electrodes). It is possible that the exposure
within me near 6eld of this source prod~
capacitive coupling between the animals and
the applicators, as discussed earlier. However,
localized umperature incrases wouId prot.
bIy DOt apJain the IacIt of measunbIe SAR in
the saliDe-fiJIed model for one diathenny UDit.
mlerpRtarlon of these results bas been made
difficult because of their equivocal nature.

13.5.13 VLF-LF VLF-LF studies have used
pulsed magnetic fields with rectangular and
sawtooth pulse shapes. A sawtooth-pulse is
triangular but skewed in one direction, as
shown in Fig. 3-6. In general, a strength of
these studies is the use of multiple doses, and
the use of Aux density values that approximate
the exposure levels they are attempting to
model, operator exposure near VDTs. In
IIllImmalian studies, the frequency studied,
20 kHz, is near the primary operational fre­
quency of the high-voltage transformer of
CRT-type VDTs.

Two studies reported statistically signifi­
cant differences in type I end points
(Tribulcait, Cekan, and Paullson 198630 1986b;
]uutilainen and Saali 1986>' Only the study by
T ribulcait and colleagues found a statistically
significant effect in mammals, but this study
has been criticized fur use of the fetus, not the
litter, in statistical analysis. These results were
not replicated by others using similar mag·
netic fields (Stuchly et al. J988; Frolen and
Svedenslal 1911'1; Wiler et al. J9')0)

hte_I••
Carnellft

-=-144441
Rapid hll-Olt /'
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Figure 3-6. Sawtooth pulse associated with the
horizontal de6ection system of a cathode-ray tube
video display terminal.
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Stuchly et aI. (1988) exposed female rats
to IS-kHz magnetic fields in the fOrm of
sawtooth pulses. These had pealr-to-pealr lev­
els of 0, S.7, 23, or 66 p.T. The authors state
that the S.7-p.T level is about twice me Aux
density experienced by VDT operators at a
distance of 30 em, when dimensional scaling
factors are used to adjust for differences in the
maximum-induced currents between rats and
average man. Animals were exposed 7 hid, IS
days prior to pregnancy to day 22 of gestation.
Abnormalities were c1a.o;sified as major malfor­
mations, minor anomalies, or common vari­
ants. Minor skeletal anomalies were signifi­
cantly increased for the highest exposure group
when analyzed by fetus but not when analyzed
by litter. Two types of common skelet31 vari­
ants were significantly increased at the two
highest flux densities when analyzed by fetus
or litter, which was characterized as typical
teratologic "noise." This is supported by the
average feal weight data, which were not sig­
nificandy different. Furthermore, feal weights
were higher and less variable for the exposed
groups in comparison with the controls.

Female rats were exposed to a 20-kHz,
IS-pT (p-p) sawtooth magnetic field, 24 hid
for 20 days. There were no significant differ­
ences in implantations, pre- and postimplanta­
tion losses, resorptions, malformed fetuses,
minor malformations, living fetuses, and mea­
sures of dam and fetal body masses. The RF­
treated group had more skeletal variants and
minor skeletal anomalies than controls, which
"arc comm"n in tcrawlogical studies," This
fimllllg wa' ,tatisticllIl' ,i~niliclOt when ana·
1)"7.<:<1 hy thl' lew_ hUI not whcn analyll'" hy
the litter, The auth"rs' interpretation is that
it is possihle that low·frelluency magnetic
fields may have an effcl·t on ossification
(Huuskonen, JlIlItilainen, and Komlllainen
199J>.

Frolen found a significant increase in fetal
malformations in mice exposed to pulsed mag­
netic fields but was unable to replicate this
result in a later study with CBA mice (20-kHz,
B= is pT). However, there was an increase
in resorptions (Frolen and Svedenstal 1989;
Juutilainen 199(). No effects on reproductive
ability. metabolism, and growth were seen at
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2S kHz <Bollinger, Lawson, and Dolle 1974).
Although just outside of me lower VLF
boundary (3 kHz), no effects were seen 011

reproductive honnooes in rats at 2 kHz with a
2-mT magnetic field (Baumann et a1. 1989).

In a study at the University of Toronto,
CD-I Swiss Webster-derived mice were ex­
posed to 20-kHz sawtooth pulses at peak-to­
peak (p-p) magnetic flux density levels: 3.6,
17, and 200 p.T. These equate to rms values
of 1.1, S.l, and 60 IJ.T. EIposUres were de­
signed to bracket potential VOl' operator ex­
posures at 30 cm. The 3.6-IJ.T level was se­
lected "to correspond, after the application of
current-induction-based scaling considera­
tions, to actual exposure levels likely to be
experienced by VDT operators" (Wiley et al.
1990); 17 pT is similar to the level used by
Tribukait and Frolen, cited earlier. One hun­
dred ninety-two animals were used in four
replicate experiments within each exposure
group and the sham group. Exposures were
from day I to day 18 of gestation, ZO to 21
hid. Among aU groups, there were no statisti­
cally significant differences in these major end
points: embryo/fetal mortality, fet31 malfor­
mations (externa, visceral, and skeleal), and
fetal growth (Wiley et al. 1990). At this writ­
ing, the results of this study have not received
peer review prior to journal publication. How­
ever, the study design included an audit com­
mittee that provided a scientific review.

J.1. 5.2.4 Other Frt'lue7Icits Researchers at
NIOSH reported a combined teratogenic ef­
(cct with exposllre of prel-'llanl rats on day 13
of gestation to J().'\1I1z RF and the solvent
2-methoxvethanol I1-ME), An initial RF SAR
of 6.6 "'/kg was used to elevate rectal tem­
perature t" 42°C, then temperature was main­
tained for \() minlltes during which time the
SAR was O.1l to 6,6 Wjkg. 2-ME was adminis­
tered by gastric la\lIge 5 minutes prior to RF
exposure. Treatment with RF +2-ME did not
significantly affect viability and fetal weight,
but it did affect feal malformation percentage
(Nelson et al. 1991).

Pregnant Sprague-Dawley rats were used
in an experiment at 100 MHz (average SAR­
0.41 W/kg, 25 mW/cm l >. No differences
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between ezposed and control animals were
observed in maternal weight and temperature.
However, both groups exhibited around a 10-g
weight loss. This WlIS attributed to ladt of
available food and water for animals with a
relatively high metabolic rate. Embryotmic
eva.luation showed a statistically significant de­
crease in the percentage of live fetuses with
minor skeletal variations per litter in the RF­
exposed group. There were no significant dif­
ferences in external malformations and major
skeletal abnormalities (Lary, Conover, and
Johnson (983).

EPA researchers exposed pregnant rats to
circularly polarized microwaves (970 MHz)
with whole-body SARs of 0.G7, 2.4, or
4.8 Wjkg for 22 h, from day 1 through day
J9 of gestation. No end point (pregnancy
rates; preimplantation losses; live, dead, re­
sorbed, or total fetuses; fetal weights, fetal
skeletal maturity or postimplantation losses)
was reliably affected at the lower two
SARs. At 4.8 W/kg, fetal body weight was
significantly lower than observed in sham­
exposed fetuses. The average number of
ossified sternebrae was lower at 4.8 Wjkg
than for sham-irradiated animals and for
exposed litters at the other two SARs.
Measurements of dam rectal temperatures
were not made, so no reliable conclusions
dealing with the thermal nature of the
exposures could be made. The number of
exposed animals included in the high-dose-rate
group was small. However. the authors claim
that "application of a multiple comparison I

test on gain of hody weight in all nonpreg­
nant, sham-irradiated raLs vs. nonpregnant
rats in each exposure level demonstrated that
only the rats receiving 4.8 Wjkg had signifi­
cantly lower gain in hody weight (p < 0.05)"
(Berman et al. (992).

Jensh (1984a) exposed gravid Wistar rats
at 7.3 Wjkg and 6 GHz daily throughout
pregnancy. There were no differences in de­
velopmental abnormalities between exposed
fetuses and the controls. Fetal weight of the
irradiated group was significantly less than the
control groups, while the sham-exposed group
weighed significantly more than the home­
cage and anechoic-chamber controls.
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Rush (1976b) found no evidence that in
UterO aposure (Table 3-8) might modify the
radioseusitivity of mice pups. Rat pups ex­
poSed at > 9 W/kg at 2450 MHz dem0n­
strated a nonspecific stress reaction, similar to
pups injected with Acrn (Guillet and
Michaelson 1977). An increase in the mito­
gen-stimulated lymphocyte response occurred
in rat pups receiving perinatal exposure
(Smialowiez, Kinn, and Elder J979). Infant
mortality in squirrel monkeys was elevated in
one experiment but not in a replicate (Kaplan
et al. 1982; Kaplan 1981). Galvin and col­
leagues (1986) noted a significant reduction in
swimming endurance, although it appeared
to be reversible. Prenatal SARs were 2 to
4 W/kg, while in the postnatally exposed
groups, they were 5.5 to J6.S W/kg· EPA
scientists observed that exposed rats
(100 MHz, 2.5 to 3 W/kg) exhibited earlier
eye opening and had higher body weiBhts
than sham-exposed offspring (Smialowicz et
al. J981). EPA researchers also found de­
creased brain weights and body weights in
mice pups exposed prenatally at an average
maternal SAR of 16.5 W/kg (Berman, Carter,
and House 1984). Jensh, Vogel, and Brent
(1983) found that MW-exposed (24S0 MHz,
3.6 to 5.2 Wjkg) neonates were significantly
heavier than their sham-exposed counterparts
through week 8 of life.

Jensh (I9R4a and h) expose" 10 pregnant
\\'istar rats at 35 m\\,/cm" and 6 (;117 (S.\R
~ 7..\ \\';kg:l for days 1Z to 14 of gcst;tl'o" in
a 1ll1litigenera'ionaJ study. (;rowth and gor"" ,h
rate of exposed animals wne significantly' dif­
ferent until postnatal week 5, after which there
were n<> differen.:es. Significant differences
were found in a number of reflex and behav­
ioral tests. In a critique, O'Connor (1990)
pointed out that a small number of litters
were used in the statistical analysis.

Neonatal mouse pups were exposed at
J48 MHz (SAR - 0.013 Wjkg, 63.3 Vjm)
for 10 days. Six hundred days later, there were
no differences in body weight, growth rate,
hematocrit, hemoglobin, erythrocyte, leuko-
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eyte, and differentW cell connts (Lin, Nelson,
and Ekstrom 1979). BoIlinp, Lawwon, mel
Dolle (1974) exposed mice .t 25 kHz to field
strengths of either IS ItV/m and 7.S AIm, or
10.6 kV/m and 5.3 AIm, for 1 hid, 5 d/wk,
for SO hours. No sipificant effects WCI'e found
on reproductive ability, metabolism, or
growth.

J.J.5.4 NonmtmmUllitm Species

Van Ummersen (t961) exposed chicken
eggs at 48 hours of development. Exposure
parameters are in Table 3-8. Egg temperature
and thermal gradients were monitored by in­
sertion of a hypodermic needle thermistor
probe. Although the materials of construction
are not specified, it is possible they were c0n­

ductive, which would modify the field distri­
bution within the egg. Following exposure,
eggs were maintained in the incubarm at 39"C
until 96 hours of development. Irradiation
appeared to affect 121 embryos. Morphologic
abnormalities and death of embryos were
found when the MW-induced temperature
reached around 5soc.

Hamridc: and McRee (197s> observed no
gross malformations in hatchlings and no dif­
ferences in body weight, orpn weights (heart,
liver, gizzard, adrenals, and pancreas), WBC
and RBC counts, lymphocytes, hematocrit,
monocytes, eosinophils, basophils, .nd het­
emphils. A marginally significant reduction
0.3%) in hemoglobin was observed in MW­
cxposed animals. (n another study, the out­
come was similar for weights, malformations,
.nd "I(~,.l"orn" "lid points ('\kRee et al.
197'1.

Fisher, Lauher. and \·os, (J')79) heated
chicken eggs to hetween .n and If,oC with
14-,O-MI-17. microwaves, finding that the de­
velopment rate of exposed .nimals was aug­
mented in comparison with controls. Spiers
and Baummer 099l) also found that 2450­
MHz microwave exposure increased growth
rates in Japanese quail embryos. Braithwaite et
al. (991) observed a nonsignificant reduction
in the hatchability of chicken eggs exposed
from days 0 to 19 of incubation. No differ­
ences were seen for eggs exposed from day 0
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to either day 7 or 14 of inatbetioD. Kondra
mel coUeapes (1970) report 110 differences
between control mel esposed (6 GHz) pvups
in nerap egg weight, fertility, and 1IlOIUIity.
In the high (400 pW/anZ) and low (0.02
pW/anZ) c:ontinlJClUl-ClPCllll poops, •
weight was significantly less than controls.
These animals apparently ovulated more fre-.
quendy, producing more 10w-weiBht eggs, but
the total egg mass produced was not signifi.­
cantly different from controls.

Juutilainen and Saali (J 986) exposed
chicken eggs to a sinusoidal magnetic field
during the first 48 hours of development. RF
and near-RF frequencies of 1, 10, and 100
kHz were used at flux densities of 0.13, 1.3,
13, and 130 p.T. Evaluation for stage of devel­
opment showed that I J percent of the control
eas were abnonnll. Significant diffennca in
development between apoeed mel control
cas were found at all three·&equencics at fhu
density values 2: 1.3 p.T, except for the trial at
10 kHz and 130 p.T.

As discussed, studies of chicbn embryo
development showed effects at 2450 MHz and
I, 10, mel 100 kHz. Etrcc:ts at me hiper
frequency included ... enJwxed detrelopmen­
tal rate, while at me lower frequcDcy deJa,ed
developrnent was demonstrated. These resulllI
are diRkult to interpret in terms of human
safety, primarily because the elIperiments ex­
.mined development of an embryo in an egg
membrane, not in the maternal body. Exp0­
sure ofchicken eggs "obviously results in more
independent and direct exposure of the devel­
oping organism than similar studies on mam­
malian organisms inside the maternal, also
e.l"osed, organism" (O'Connor 1990).

A numher of studies have examined
M\V-induced effects in insects. Carpenter and
Livstone (1971) report a decrease in the per­
centage of nomlal adult mealworm heetles
exposed in a waveguide at 10.155 GHz for 30
minutes. When the exposure duration was 20
minutes, there were more normal adults in the
MW-ucaunent group than in the waveguide
controls. Olsen (t977) observed teratogenic
effects when mealworm pupae were irradiated
at 5.95 GHz, but at 4 GHz the results were
similar to controls. Potential reproductive and

..
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T.we 3-11. Neuroendoc:riDe Effects

AftnIJC
~

F~ SA:I. ~::;~2) DandaD
Spec:ies (W~ (clxmiD) EIfec:ts 1WereDce(s)

Rat 28 0.5" 220 13 x 1416 Reduced Wright
(male) ull uptake; eta\. 1984

reduced
concen~tions

of thyroxine,
TSHand
triiodothyronine;

0.4' 125 28x 1380 no differences
in adrenal
weight

Rat 2450 0.15 to 0.48 750x 1260 No Kunzetal.
(male) Pulsed 0.4 differences 1984; Guy

in thyroxine etal. 1985
or plasma
cortosterone;
significantly
increased
adrenal mass

Rabbits 2450 \.5 WBA 7 180x 1380 No McReeeta\.
CW 17 head 10 differences 1980

in cortisol
or thyroxine

Rats 2450 3.8· 10,20, 1x 960 No Parker
25 differences; 1973
15 2.5 X 1440 significant

decrease in
thyroxine and
protein-bound
iodine

Rats 2450 O.2Sto 1,10, I x 10 No Milroy and
(male) H' 100 up to differences Michaelson

I x45 hetween 1972b
0.25 to 1,10 56 x 480 exposed and
2.5. controls in

thyroid or
thyrotropin
activity

Rats 2450 8.4 to 4010 I x60 Increased Lu et al.
(male) 120Hz 14.7 70 or levels of 1981

AM 8.4 40 I x 240 corticosterone;
0,21 or 0.1 or Ix240 decreased
2.1 1 levels of

corticosterone

I 3.3.6 Eadocrine raul
Neuroendocrine Effects

The neuroendocrine system is composed of
the CNS and various glands including the
hypothalamus, hypophysis (pituitary), thyroid,
and adrenals. The endocrine system is the
body's chemical regulatory system that is i~

volved in the maintenance of homeostasis and
the regulation of growth and metabolism.
There are two major axes of the hypothala­
mus-hypophysis system. The hypothalamo­
hypophyseal-adrenocortical (HHA) axis is in­
volved in glucose, fat, and protein metabolism;
electrolyte control; and the alarm reaction.
The hypothalamo-hypophyseal-thyroid
(HffD axis is concerned with control of
metabolism and oxygen consumption. Func­
tional control is effected by hormones that are
released into the circulatory system by the
glands. The concentration of hormones varies
with the body's circadian cycle to maintain
homeostasis. Representative neuroendocrine
effeets, associated with microwave irradiation,
are shown in Table 3-11.

Wright et al. (1984) found significant dif­
ferences in the uptake of radioactive iodide­
125 (1251), ratio of thyroid 12SI to plasma I2SI,
and thyroxine and triiodothyronine levels in
rats. No significant differences were seen in
protein-bound IllI and plasma thyrotropin
(TSH). Other researchers have not observed
elevated thyroxine levels, aIthough the fre­
quency used in these studies was much higher
(Kunz et al. 1984; Guy el al. 1980; and McRee
et al. 1980). Parker (I97 3) observed no signifi­
cant differences in thyroxine levels for three
groups of rats exposed for 16 h, but found a
significant depression for the group exposed at
15 mW/em l for 60 hours.

Milroy and Michaelson (I972b) observed
no differences in iodine uptake or thyrotropin.
However, the study was unable to detect de­
creases in thyrotropin. Lu et al. (I981) found
that thyrotropin levels in male rats varied in­
versely with power density and colonic tem­
perature. Thyroid secretion rate was statisti­
cally elevated for local exposure of the thyroid
but not for local exposure of the head of
mongrel dogs (Michaelson et al. 1977).

1lMlio-FUf1le"tJ .,,11 ELF Eltttro"'.gnet;c E"trJies
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In summary, it has been established in
animal experiments that exposures to RF fields,
prirnarily at 27.12 and 2450 MHz, can pro­
duce adverse effeets on reproduction, develop­
ment, and growth in different mammalian
species and in avian embryos. Most consis­
tendy, these effects appear to be rdated to
hyperthermic conditions that depend on exp0­

sure intensity and duration. Typically, whole­
body SARs must be in excess of 9 to
10 W/kg. The results of some studies are
difficult to interpret because of use of the
fetus and not the litter in the statistical analy­
sis. According to Haseman and Hogan (1975),
the litter is the preferred experimental unit in
teratology smdies.

Teratogenic and embryotoxic effects ap­
pear to be hyperthermic in nature and are
associated with the timing of the exposure, the
magnitude of the dam's rectal temperature,
and the length of time that the rectal tempera­
ture is elevated. Even relatively brief expcr
sores, on the order of minutes, can produce
significant teratism if delivered at high levels
on certain gestational days. Type I teratogenic
effects most commonly observed include
skeletal abnormalities of the head. Type II
changes seen most frequently include reduced
fetal weight, which "is used by the teratolo­
gist-toxicologist as an indicator of general
health of the newborn" (O'Connor 1985).
Typically, whole-body SARs that produce re­
duced fetal weight are of hyperthermic pro­
portions. The report by Berman et al. (1992)
is at a relatively low SAR (4.8 W/kg), but the
number of animals used was small. Reversible
effects on sterility and offspring behavior have
been reported at lower SARs, but in no case
do these levels approach SARs in currently
recommended safety standards.

genetic effects were evaluated in male fruit
flies esposed at 24S0 MHz with power dmsi­
ties~ to,be 4.6, S.9, and 6.S W/an1

•

No sipificant effects were seen in reproduo­
dve or ,medc ouu:omes (Pay, Beyer, and
Reic:hdderfer 1972).
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Table )-11. (Cootiaued) T.... J-U. (Continued)

'SAR estimated, Durney, Massoudi, and IsblNkr (986).
·SAR estimate &om Elder and Cahill (1984).
'SAlts of 9 10 10 W/kg were estimated by the researchers, but the EPA estimates SARs herweat 20 and 60 Wlkg
(Elder and CahiU 1984).
CW, Conam- wave; WBA, wbole-body average; NR, not reported; AM, amplitude modulated; TSH, thyroid
stimulatinB hormone.

A.....
Power

F~
SAl[ DeaIky Daratiao

SpcdcI (W!kI> (,nW/anJ ) (dXmm) E&cai ~

Rats 2860 to Ito 10 36x360 Changes in Mikolajczyk
(male and 2880 2 6 luteinizing 1976

female) CW hormone

MOlIkeys 1290 2.1 20 1 x 480 Increased Lottand

(male) Pulsed 3.0 28 1x 480 rectal Podgorski
4.1 38 1x 480 temperature; 1982

increased
cortisol at
highest SAR

higher environmental temperatures. Signifi.­
cant differences were seen between all MW­
exposed groups and the shams (see Fig. 3-7)
(Chou et al. 1(85),

-.7"c:

-.MIlUflCle8)...,.,.
."...,..-
10..,-a
'1-'_'

22i
jct7..·C

Firte 3-7. Average levels of corticosterone (±
standa rd error of the measuremrnr) for sham­
exposed rats and animals exposed at four different
values of power density and three levels of envi­
ronmental temperature. From Chou et al. (1985).

I 10

I
~!:
J4

I 2

In studies of effeets on the HHA axis, a
correlation has been observed between colonic
temperatures and plasma corticosterone
(Lotz and Michaelson 1978; Lu et al. 1981;
Michaelson et aI. 1977). An apparent thresh­
old for corticosterone elevation occurred at
SARs between 4.2 W/kg and 8.4 W/kg for a
I-hour exposure. These resultS were inter­
preted as a geneflll. nonspecific stress reaction
associated with exposure to a stressor, and not
related to the "nature of the stressing agent"
(Lu et al. 1(81).

Toler et al. (1988) noted no differences in
plasma ACTH, plasma corticosterone, plasma
epinephrine, alId plasma norepinephrine in
cannulated ratS exposed to pulsed MW.
Dopamine levels were lower in the exposed
animals. It was "concluded that the 435 MHz.,
low-level, RFR environment did not induce
stress in the exposed animals when compared
to the sham-exposed animals."

Levels of plasma corticosterone were not
reliably affected in one study (Johnson et al.
1983) but were affected in a follow-up study.
This required the use of higher MW levels or

A-.
Power

F . SAl[ J>ceIky Dundma .I ,
Spec:b <MI:) (WftI:), (,nW/anJ ) (dx"'-> ' E&cai ~

Dogs 24S0CW NR 2010 lx60 Noelf«t MidI8dIoD
J20 Hz AM 40 (head) on growth etu.1977

hormone or
serum
thyroxine;

58 lX60 incn:ase in
(thyroid) serum

thyromIe;
Ibrs 2450 6.3 30 lx60 decretscd

CW 12.6 60 Ix60 growth
honnone levels

ibIS 2450 810 SOar lx30 Inc:reued Lotzand
(male) CW 9.6 60 or colonic: Michaelson

lx60 lI:mpel2bUe 1978
l.2w 2010 lx120 andplanu
6.4 40 ~e

sigDi6cmdy
elevated

Rat 435 0.310 1 l68x1320 Significant Toler
(male) Pulsed 0.35 decrasein eta1. 1988

dopaJine

Rat 2450 0.15 to 0.48 180x1260 No Chouet aI.
(male> 0.4 360x1260 differences 1985

in thyroxine
or plasma
corticosterone;

2450 2.5. 5 5.10 42x 1260 corticosterone
7.5 15 levels decreased

with higher
environmental
temperatures

Rat 2450 910 40 7x5 Increased Guillet and
(pups) 10' adrenal Michaelson

weights; no 1977
differences
in levels of
corticosterone
or adrenal
responsiveness

Rats 2450 Ito 5 80 x 480 No D'Andrea
(male> 1.5 differences et al. 1979

in adrenal
mass
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Rat pups were exposed on poItDaIa1 da)'I
1 through 6. Irndiated ..umaIs bad a 1.5 to
2.5OC hip c:oloaic: temperature thaD can­
troIS, tollowing exposure. On day 7. 1M am.
maJs were either QJlOSCCI to miCl'OWllVel ot"
injected with corticotropin (AClH), which
allowed the researchers to evaluate adrenal
responsiveness by measuring plasma cortic:os­
terone levels. In general, pups exposed to MW
had greater adrenal responsiveness than con­
trols, and their adrenal glands were signifi­
candy heavier. There was no difference in
adrenal responsiveness in pups exposed to ei­
ther MW or injected with ACTII. sugesting
a stress reaction in these two groups (Guillet
and Michaelson 1977).

Other researchers found no significant
differences in the mass of the adrenal, thyroid,
and hypophysis glands in rabbits (Guy et al.
1980; McRee et aI. 1980). No differences were
observed in adrenal mass in male rats
(O'Andrea et al. 1979, 1986a, 1986b; Wright
et al. 1984), or in weights of the anterior
hypophysis, thyroid, adrenals. and testes in
male and female rats (Mikolajczyk 1976). In
one study. the mass of the adrenal gland was
signifieandy elevated in MW-exposcd animals.
This excess was attributed to benign tumors,
and "the increased adrenal weight was related
to the tumors and irrelevant to the metabolic
processes in the rats" (Guy et al. 1985).

Mikolajczyk (1976) evaluated influences
on hormones finding no effects on follicle
stimulating hormone (FSH) and growth hor­
mone (GH), although MW-exposed rats had a
significandy greater amount of LH in the
hypophysis. Michaelson et al. (1977) noted
that GH levels decreased with increasing
power density at a given exposure duration. In
cannulated rats. GH levels decreased through­
out exposure, then increased to preexposure
levels when exposure was tenninated.

In stodies with rhesus monkeys exposed to
pulsed MW (width - 3 p.s, PRF = 337 Hz).
rectal temperatures were elevated, but there
were no differences in GH and serum thyrox­
ine (T4 ) levels. Average levels of the glucocor­
ticoid, cortiso~ were significandy elevated in
four of six monkeys only between Hoo and

1lJuIi.-F"'fum".,,1l ELF Eka""".peti, Ert,"gi,s

2000 hours. This oa:urred at 4.1 W/kg, which
, iDcrased the I\'CftF rectal temperature I.re

<Lutz md Pod,onId 1982). In a loac-tam
ItUdywith nbIJi1a. DO aigni6ant di£a~
were seeD in cortisol (Guy et aI. 1980; McRee
et aL 1980).

In summary, MW radiation does influ­
ence the concentration of specific circulating
hormones. The most consistent observation is
an increase in adrenal cortex hormone levels.
Stimulation of the adrenal c:orte% is important
"because it points to an influence of unfavor­
able conditions, so called stress nitmdi, acting
upon the whole organism" (Lu, Lotz, and
Michaelson 1980). Effects have also been
demonstrated on luteinizing hot"mOOe, growth
hormone. and thyrotropin. The lowest effec­
tive SARs were 0.21 and 2.1 W/kg, which
produced a decrease in levels of the corticos­
terone.

A central theme in some of these experi­
ments deals with whether the observed effects
are due to a direct effect of RF on a gland, or
if the effects are a nonspecific response to a
stresSing agent, such as heat developed as a
consequence of irradiation. Although this
question has not been answered completely,
one group of researchers has interpreted the
data as supponing "the hypothesis that the
adenohypophyseal responses are the integral
result of CNS processing of multiple signals
from many body locations such that no single
location of absorbed energy is pivotal to the
onset of a response" (Lu, Lott, and Michael­
son 1980).

3.3.7 Cardiovascular,
Hematologic, and
Immune Effects .

J.J. 7.1 ~erdiIr Fffeas
Study measures include heart rate and

arterial blood pressure. Exposure to mi­
crowave radiation has been shown to decrease
(Phillips et aI. 1975; Galvin and McRee 1986;
Frei, Jauchem, and Heinmets 1988; Lu et aI.
1992), increase (Frei, Jauchem, and Heinmers

Bi%gk Efficts q{1lJuIi.-F~ Fi,1tJs

1989; Frei et al. 1989; Lu et aI. 1992). or
produce no meuurable effects <Toler et aI.
1988) on the heart rate in test animals as
shown in Table 3-12. Effeca were typically
transient, with the heart rate returning to
normal limits after exposure (Galvin and
McRee 1986; Frei, Jauchem, and Heinmets
1989; Frei et al. 1989, 1990). Findings on
blood pressure include no effects (Galvin and
McRee 1986; Toler et al. 1988), transient
changes (Frei et al. 1989, 1990), and increases
(Jauchem and Frei 1991). Differences in the
outcome of these experiments could be due to
differences in experimental methodologies in­
cluding SAR, pulsed versus CW, orientation
of the test animals relative to field vectors, and
use of anesthetic.

Frei and colleagues (1989) found that in­
creases in heart rate and arterial blood pre§­
sure were greater when rats were exposed
parallel with the E field than with the H field.
The E-field orientation produced greater pe­
ripheral heating, while H-field orientation
produced deeper heating. A similar experi­
ment at 5.6 GHz found no major differences
between heating patterns in the E and H
orientations, which may be due to the shal­
lower penetration depth at the higher fre­
quency (Frei et aI. 1990).

Effects associated with the use of anesthe­
sia were explored by studying unanesthetized
and ketamine-anesthetized rats. In ane§­
thetized rats, baseline arterial blood pressure
and heart rate were lower, and it took signifi­
cantly longer to attain a 1°C temperature rise.
Heart rate was significantly elevated for both
groups. Average arterial hlood pressure was
significantly increased in the unanesthetized
state, but remained unchanged in the anes­
thetized state Uauchem and Frei 1991).

In a long-term study with rats, Toler
et al. (988) noted no effects on heart rate and
mean arterial blood pressure. In rabbits ex­
posed for 6 months, there were no significant
differences in the mass of the hearts (Guy
et al. 1980; McRee et al. 1980). Lu and
colleagues (992) attributed changes in the
heart rate of exposed rats to whole-body
hyperthermia.

• III ""

J.J.7.2 H~F/fms

Baranski (971) observed increased WBC,
bone marrow erythroblast reduction, and ab­
normal mitosis in erythroblast cells in guinea
pigs exposed for 228 hours at 3 GHz. No
effects were seen on RBC in guinea pigs and
rabbits. Czerski et al. (974) restrained and
exposed rabbits head first, finding a difference
in iron metabolism between animals exposed
with pulsed (width = 1 #LS, PRF = 1200 Hz)
versus CW microwaves. Czerski also found
that the extent and phase of the circadian
rhythm of bone marrow stem cell mitoses was
shifted for guinea pigs exposed to microwaves
at different times during the day. Ojordjevic,
Lazarevic, and Djokovic (1977) observed no
changes in hematocrit, mean cell volume,
hemoglobin, total erythrocyte count, lympho­
cytes, and neutrophils, while total leukocyte
count was not reliably affected.

Ragan et al. (1983) demonstrated no sig­
nificant differences in WBC and RBC counts,
while femoral marrow, hemoglobin, and
plasma proteins were not reliably affected.
Galvin and McRee (1986) noted no differ­
ences in leukocytes. erythrocytes, or hemat­
ocrit in rats. Smialowicz, Kinn, and Elder
(1979) reported decreased WBC in 20-day
neonatal rats in one experiment but not in a
replicate. No changes were seen in 4O-day-old
rats in either experiment, and RBC, hemat­
ocrit, or hemoglobin were not affected. In
another report. Smialowic~ et al. (1981) found
no differences in RBC count. WBC count,
hemoglobin, mean cell volume of erythr~

cytes, hematocrit, percentage polymorphonu­
clear cells, and percentage lymphocytes in rats
perinatally exposed.

Consistent results with mongrel dogs in­
eluded decreased lymphocytes, eosinophiles,
and increased neutrophils (Michaelson et al.
1964). MW exposure decreased blood volume
but had no effect on hematocrit, hemoglobin,
number of erythrocytes. and differential
leukocytes in two female dogs. In other exper­
iments, no consistent results were seen when
dogs were exposed to pulsed MW (1285 MHz,
width = 3 #LS, PRF = 360 Hz) (Michaelson,
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: CAJu>JOVASCULAR

Rats 2450 4.5 NR Ix30 No effect; Phillips
(male) CW 6.5 or Ix30 bradycardia etal.

11.1 I x30 and irregular 1975

rhythm

Rats 2450 3.7 10 IX360 No effect; Galvin
(male) CW on blood and McRee

pressure or 1986
colonic
temperature;
significant
(reversible)

decrease in
heart rate

Rats 2800 8.4 30 I X 180 No effect; Frei.
(female) CWand 12.6 4S to significant Jauchem,

pulsed 16.8 60 I x 240 decrease in and Heinmets
21.0 75 bean rate 1988

for pulsed group

Rats 1250 4.75' Ix5 No effect Lueta\.
(male> CWand (brain) or on mean 1992

pulsed 17.15 2x5 anerial
(PRF- (neck) pressure and
16 Hz; respiration;
6.4W effecrs observed
average on hean rate and
power) pul", pressure

--
Rats 9300 9.3 30 See lext Significant Fre•.

(femalel CWand 186 60 transient JaIK'hem,
pulsed increases and Heinrnel5

in heart 1989
rate

Rats 2450 14.SCE) 60 See text Significant Frei
(male) CW 12.4 <H) 60 transient et al.

increases 1989
in hean
rate and blood
pressure;
greater in E
orientation

~

Aftrap
~

~
SAIl

tW)~Z) DlIndoa
Speda (W~ (dX-'> E&c:ta Wereaee(s)

Rats 5600 14(E) 90 - Significant Frei
(male) CW 14(H) 66 - traIl$ient et aI.

change.~ in 1990
blood

pressure and
hean rate

Rats 2800 14 60 - Increased Jauchem
(male) CW blood and Frei

pressure in 1991
unanesmesized
rats

Rats 435 0.3 to I l68x 1320 No differences Toler
(male) Pulsed 0.35 in bean etal.

rare or 19811
blood pressure

HEMATOLOGIC

Guinea 3000 0.7 3.S 76x 180 Increased Baranski
pigs and Pulsed WBC 1971
rabbits orCW

Rabbit 2900 NR 3 37 x 120 Changes in Czerski
CWand Pulsed iron etal.
2900 NR 3 79x 120 metlIbolism 1974
CW between pulsed

and CW groups;
Guinea 2900 NR NR 14x240 differences

pi!!, CW and pulsed in circadian
rhythm of stem
cell milOsis

Mice 21180 2,25 5 IOx450 Increased Ragan
(female) pulsed femntal et al.

l11arrnw 19113
cellularity;

4.50 10 lOx 450 decreased
volume of
packed red
cells.
hemoglobin,
and femoral

marrow;
27x420 increased

a globulin;
51 x420 increased

f3 globulin
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Rats 2400 2· S 9Ox60 No Djordjcvic,
(male) ew significant Lararevic,

hematologic and Djolrovic

effects 1977

Rats 2450 3.7 10 1 X 360 No Galvin

(male) LW hematologic and McRee

effects 1986

Rat pups 2450 0.7 to 5 37X240 No SmialowH:z,

CW 4.7 57x240 consistent Kinn, and
differences Elder

1979

Rat pups 100 2.5 to 46 42 X240 No Smialowicz

CW 3 differences eta!.
1981

Dogs 2800 8· 165 I X 120 Decreased Michaelson

Pulsed 1 X 180 lymphocytes; eta!.

s· 100 lx360 increued 1964
neutrophils,
decreased
eosinophiles;

1285 4· 100 I X 360 increased
Pulsed total

leukocytes,
decreased
lymphocytes and
eosinophiles;

200 30· 165 I x360 increased

CW total

leukocytes and
neutrophile.,
decreased
eosinophile.

Dogs 24,000 NR 24 600 X990 Decreased Michaelson,

Pulsed blood Howland. and
volume; Deichmann

1285 1,2.5: 20,50 I X 360 no 1971

Pulsed 5 100 lOx 360 consistent
20x36O effects

Mice 34,000 NR 0.02 lOx 1020 Decreased Rotkovska

leukocytes and et al.
granulocytes 1993

Aftl'lIIe
Poww

F~ SAIl
~Z)

DundoD
Species <MHz) (W1Jrg) (dxaUn) Eifects 1lefer'eocc(s)

Monkeys 28 0.007· 25 24x 1380 No Wright
hematologic et al.
effects 1984

Rats 0.Ql8 NR See text 37x420 Reduced RBC, Smchly
(female) Pulsed WBC,and et al.

lymphocytes 19118
in highest
exposure group

Rabbits 2450 1.2 to 7 to 40 x 4110 Significant Ferri and
CW 2.2 10 to differences Hagan

85 x 480 inRBC 1977

Rabbits 2450 I.S 7 180x 1380 Significant McRee
CW changes in etal. 1980

eosinophils,
seru1tl

albumin/total
globulin ratio

Rats 2450 0.15 to 0.48 750xl260 Reduced Kunz et al.
(male) Pulsed 0.4 eosinophils, 19114

amI neutrophil.

Rats 2450 0.15 to 0.48 180x 1260 No Chou et al.
(male) Pulsed 0.4 360 x 1260 di fferences 1985

in hematology,
reduced

'Y glohulin

Rats 2450 Ito , 110 x 4110 Variahle l)'Andrea
(male) CW 1.5 difference.s et al.

in RBC, WBC, 1979
and tOlal plasma
sultl,)"lr)'!..

Rat 2450 0.14 0.5 CJOx420 No l)'Andrea
(male) CW differences et 31.

found 1986a

Rat 2450 0.7 2.5 98x420 No l)'Andrea
(male) CW differences et 31.

founll I986b

Rats 435 OJ to I 1611x1320 No Toler
(male) Pulsed 0.35 differcn<:es et al.

in RBC, WBC, 191111
eosinophils,
and neutrophil.
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Ibbbit 2450 86 58 Ix20 No effects Liu,
RBC' 3000 22,131 10,58 or onRBC Nickless,

3950 no 58 IXI80 penneability and deary
Ibbbit, 3000 47,136, 10,29, I x 180 anclosmotic 1979

buman, 173,200 36,42 fragility
dogRBC'

Rabbit' 10 NR 630.900 1x 120 No effects Cleary,
RBC Vjm Liu,and

50 NR 100.460 I X120 No effects; Garber
900Vjm bemolysis 1985a

100 NR 100,450 Ixl20 No effects;
900Vjm bemolysis

Rabbit 3000 NR I, 5, I x 15 Enhanced K+ Baranski,
RBC' orlO Ix30 and SzmiBielski,

Ix60 bemoglobin and Monera
I xl20 leakage 1974
1x 180

Rabbit' 2450 NR 10 Ix45 No Peterson,
or differences Partlow,
human in K+ or and Gandhi
RBC hemoglobin 1979

IMMUNOLOGIC

Mice 2450 14 NR 1x30 Weak Wiktor-
(male) CW average 3x30 stimulatory )edrezjczak

effect on et al. 1977
B cel\.
but not
Tcell.;
increase in
CR' B cel\s

Mice 2450 See NR I x20 Defined Sulek
CW text thre.hold eta!. 1980

for increase
in CR' B cells

Mice 2450 10 to NR I x20 Demonstnlted Schlagel
CW 14 genetic and Ahmed

control of 1982
increase
in CR' B cel\s

A-.
P-w

~
SAIl o-m,. Duradoa

Spedes (WfiI) (aW/cmZ) (dxmlo) Effects Ilcfeftncc(s)

ibIS 2450 0.15 to 0.48 390 x 1260 Increased Kunzetal.
(male) Pulsed 0.4 BandT 1983

lymphocytes
and enhanced
lymphocyte
response to
mitogen
stimulation;

750x 1260 no differences

Rat 2450 0.15 to 0.48 l80xl26O Increased Chou etal.
(male) Pulsed 0.4 marrow 1985

hematopoietic
progenitor
cel\s, increased
proliferative

tt5Jlrn"e- of
splenic B cells,
decreased B
ceUs in marrow;

360 X 1260 increased
hematopoietic
precunof',
decreased avg.
cell surface
density of sIg

Mice 2450 II 15 I x30 Enhanced/ Huang
(female) CW to reduced and MoJd

17x ,10 mitogen 1980
respunsiveness

Mice 26 5.6 ROO I x IS Reduced Liburdy
(male) CW or lymphocytes 1979

20x IS and increased
neutrophih.
inr:rea'iie(1

T and B cel\.;
0.36 no dfCl·ts

Hamsters 2450 13 25 1x60 Enhanced Rama Rao,
CW viricidal Cain, and

activity of Tompkins
macrophage. 19114
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Annp
~

~Wl n-ity Duratioa
Species (Wflg) (mW/aaZ) (dxllliD,) E&cts Refereace<s)

Mice 2450 11,14, 15,20, lx30 Significant Smialowicz,
(male) CW 22,29 30,40 increase Brugnolotti,

inCR+ and Riddle
spleen cells 1981
inl6-week-
old mice
at highest
dose nate

Rat 2450 0.7,1.4 S,IO, 1 x 240 No change Hamrick
lymphocyte' 2.8 20 I x 1440 to and Fox 1971

I x 2640 lymphocytes
to mitogen
stimubtion

Rabbit 100 120 to 250 to 1x30 No effects Cleary,
PMN' CWor HI 410V/m Ix60 Liu, and

AM: 20Hz Garber /985b

Rat 450 NR 15 1x 240 No Lyle
lymphocytes' change; et al. 1983

450 suppressed
AM:3,16, T-lymphocyte
40,60,80, activity
and 100Hz

Human 2450 0.5 to NR 1X 120 No effects Roberts,
leukocyte' 4' Lu,and

Michaelson
1983

Human 2450 0.2910 NR Ix 120 No effecls Roberts,
leukocyte' Pulsed 4' Michaelson,

16or60Hz and Lu 1<}g4

Human 4S0 NR I' I x JO No change Byus et
lymphocytes' In enzpne a!. 1984

activity;
450 reduced
AM: 16, enzyme
4O,and 60Hz activity

'SAR reponed per watt of ttlIfI$mitted power into the brain or ned"
'SAR estimated from Durney, Massoudi, and Iskander (1986).
'In vitro study.
'Peak intensity.
'Aalording to Budd and Curski (1985/, Roberts and colleagues used an average SAR to represent exposure,
althwsh "the SAR at the location of the cells within the sample was aoout twic:c the average SAR."
NR, not reponed; AM, amplitude modulated; CW, continUOllS _ve; RBC, red blood cell; WBC, white blood
cell; CR, complement receptor; PMN, polymorphonuclear Ieulrocytes.
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A-.p
Pvftr'

~
SAIl »-lty Dundoe

Species (WftI) (mW/aaJ ) (dxJDip) Eft'ects ~

Mice 3000 NR 40 4x120 Vuus Szmigielski

CW 10 inhibition etal,1977

14xJZO due to

hyperthermia

Hamsters 24S0 8,13 15,25 Ix60 Increased RamaRao,

CW IDtibody Cain,and

response Tomplcil15
1985

Mice 9400 0.015 0.03 5 x 600 No change; Veyret

(male) Pulsed
increased et al. 1991

or decreased
antibody
response as
limction of
AM&equency

Mice 2950 OSI 0.5 36x 120 Increased Curski

(male) Pulsed antibody 1975

producing
cells;

72x 120 no effect

Mice 2880 450 10 20x ISO No Ragan

(female) Pulsed
consistent et at. 198)

effects

Mice 2450 2 to 3 5 72x12O Decreased Szmigieiski

CW 6 t08 IS antineoplastic et al.

resistant-e 1982

Rat pups 2450 OJ to S l7xHO No Slllulnwicl,

CW 4.7 differences; Kinn, and

57 x 240 increased Elder

response of 1979

lymphocytes
to milOgen
stimulation

Rat pups 100 25 to 46 22 x 240 No Smialowicz

CW 3 42 X 240 differences et al. 1981

in response
to mitogen
stimulation
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Thomson, and Howland 1965; MichadIon,
Howland, and Deichmann 1971). No drects
were noticed in six cynomolgus IIlCII1bp OIl

full blood and platelet counts, peripbenl blood
smear, iliac aest marrow smear, platelet ag­
gregation, serum B12, red cell ~te -ys,
reticulocyte count, and 12 biochemical mea­
sures (Wright et a!. 1984), Rotkovslea and
colleagues (1993) reporred that hairless mice
exposed to millimeter waves at very low levels
of power density, 20 p.W/cml

, experienced
decreases in leukocyte count and percentage
of granulocytes. This was attributed to a stress
reaction mediated through skin receptors.

Female Sprague-Dawley rats were ex­
posed prior to and during pregnancy at flux
densities of 0, 5.7, 23 and 66 p.T. In the
66-ILT group, RBC and WBC were signifi­
cantly reduced, while mean corpuscular
bemoglobin was significantly reduced in the
23-ILT group. Unaffected measures included
bemoglobin, hematocrit, mean corpuscular
volume, mean corpuscular hemoglobin c0n­

centration, platelets, and bone marrow
(Stuchly et aI. 1988).

As noted in Section 3.3.1, a number of
long-term studies have demonstrated bemato­
logic effects. Rabbits had StatisticaUy signifi­
ClInt differences in RBC count but not in
WBC count (Ferri 'and Hagan 1977). In an­
other study with rabbits, the WBC count was
nonsignificantly reduced in the MW-treated
animals immediately after exposure. A
marginally significant (P = 0.046) increase was
found in serum albumin, and there was a
significant decrease in eosinophils. Thirty days
after exposure, there were no differences in
either measure. It is difficult to establish the
biologic relevance of these findings since 6 of
7 serum protein measures and 12 of 13 hema­
tologic parameters were not affected at the
termination of exposure (Guy et al. 1980;
McRee et al. 1980).

In a long-term study with rats, eosinophils
and neutrophils were not reliably affected, and
no differences were seen in RBC and WBC
counts, hematocrit, hemoglobin, serum albu­
min, and globulin (Kunz et aI. 1984). Using a
similar prorocol, no significant differences
were found for 11 hematologic measures and a

h;l;o-Frtf_"" _,,;I ELF Electr...._pttic E""g;tS

large number of serum cbemistry parametaS.
Elecaophonsis of aerum proceiDs sbmn:d one
of fiq measures h8d a JDatBiDaUy signific:mt
(P - 0.0477) teduc:tioo at 6 months ('Y gloW­
lin>, but nom~ were sipific:andy d­
fected at 12 months (Chou et aI. 1985). In
rats, levels of RBC, WBC, and total plasma
sultbydryls were not reliably affected, and
there were no differences in hemoglobin,
hematocrit, polymorphic neutropbils, and
lymphocytes (D'Andrea et aI. 1979). In similar
studies, no significant differences were found
in blood levels of cholinesterase and sulfhydryl
groups (D'Andrea etal. 19800, 1986b). A study
of pulsed (width - 1 #£5, PRF - 1 kHz)
'US-MHz microwaves on cannulated rats
showed no differences in hetnatoerit; mono­
eytes; beart rate; mean arterial blood pressure;
and counts of RBC, WBC, neuuophils, and
eosinophils (Bonasera, Toler, and Popovic
1988; Toler et at. 1988).

Selected findings on in vitro effects on
various cell typeS are reported next. An in­
depth review has been performed by Cleary
(I989). Erythrocyte permeability and osmotic
fragility were not affected by MW radiation
(Lill, Nicldess, and Cleary 1979), while el)'­
throcyte hemolysis appears to have an E-field
strength dependence (Cleary, Liu, and Garber
1985a). Baranski, Szmigielski, and Moneta
(974) observed enhanced lea1cage of potas­
sium (K+) and hemoglobin in rabbit RBC.
Both measures increased with increasing
power density at a given exposure duration
and with increasing exposure duration at a
given power density. In an attempt to repli­
cate this finding, Peterson, Partlow, and
Gandhi (1979) evaluated the RBC membrane
while monitoring RBC temperature. En­
hanced leakage of hemoglobin and K + was
found to depend on the rate of heating and
the magnitude of the temperature increase. A
dosimetric comparison was made of a station­
ary sample holder and a rotating sample
holder. A highly asymmetric SAR distribution
was found in the stationary holder but not in a
rotating bolder. The difference in these re­
sults and those of Baranski, Szmigielski, and
Moneta (1974) are attributed to irradiation
technique.

B~Effms IfRMio-Frtpmcy Fidls

In summary, acute and chronic studiea
usins CW and pufsed RF fields have been
perfonned on rats, dogs, guinea pigs, rabbits,
and monkeys. Dependent upon the study de­
sign, effects have been observed on RHCs,
WBCs, granulocytes, and serum proteins, al­
though these have not been esublished consis­
tently. For example, experiments with 2.8- to
3-GHz pulsed microwaves showed no consis­
tent effects with SARs of 0.7 to 8 W/kg,
although WBCs were affected at the lowest
SAR (Baranski 1971; Ragan et al. 1983;
Michaelson et aI. 1964). In vivo studies have
been performed with CW, 24SO-MHz mi­
crowaves with SARs from 0.17 to 4.7 W/kg
(Djordjevic, Lazarevic, and Djokovic 1977;
Galvin and McRee 1986; Smialowicz, Kinn,
and Elder 1979; Ferri and Hagan 1976; McRee
et aI. 1980; Kunz et aI. 1984; Chou et aI. 1985;
D'Andrea et al1979, 19800, 1986b). Again, no
end point was reliably affected (see Table
3-12). In total, the results have been equivocal
and no trends have been observed. Also, some
of the effects wen shown to be reversible
when the exposure was ceased.

1.1.7.J I~ F/.f«ts
A large number of in vivo and in vitro

experiments have examined effects on immune
function. The reports selected for inclusion
here represent the variety of findings. For the
interested reader, detailed reviews of immuno­
logic effects are available (Roberts J98J; Elder
and Cahill 1984; Budd and Czerski \985;
Smialowicz 1987).

3.1. 7, ;, 1 In Vivo Effias Many experiments
have examined responsiveness of T and B
lymphocytes. An example of a representative
protocol for such an experiment includes sac­
rificing the animals, removing the spleens, and
extracting splenic cells, subsequent to expo­
sure. These cells are cultured in either a
growth media plus tritiated thymidine eH­
thymidine) or in the media plus IH-thymidine
in the presence ofT- or B-cell mitogens (sub­
stances that stimulate lymphocytes to prolifer­
ate). Following incubation, a responsiveness
or stimulation index is calculated as the ratio
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of the counts per minute of the mitogen­
stimulated group to the counts per minute of
the growth-media group. The indices for the
RF-aposed and sham-exposed groups are then
analyzed statistically.

WJ1ctor-]edrzejczak et aI. (t977) observed
a significant increase in the number of com­
plement receptor positive (CR!-) B cells for
restrained mice exposed head first in a wave­
guide. Sulek et al. (1980) found that a single
20-minute exposure stimulated a significant
increase in CR' B cells in mice. An apparent
threshold was observed, where CR+ celts in­
creased at SARs > 5 W/kg (SA > 9 to
10 J/kg). In a long-term study, there was a
significant stimulatory effect on T and B lym­
phocytes in rats at 13 months but not at 25
months (Kunz et al. 1983). Mitogen stimula­
tion of lymphocytes was not demonstrated in
a follow-up study, whert effects wert found in
7 of 70 immune parameters evaluated {see
Table 3-12}. Even if the null hypothesis of no
difference between MW- and sham-aposed
animals were true, at the 0.05 level of signifi­
cance, 3.5 significant effects would have been
expected (Kunz et al. 1985).

Wiktor-Jedrzejczak et al. (1977) found
that splenic B cells from exposed mice exhib­
ited an increased responsiveness to mitogens
aher a single exposure. but no changes were
found with T cells. Huang and Mold (1980)
reported variable mitogen rtsponsiveness in
Balb/c mice. No effttts were found on the
cytotoxic activity of lymlJhocytes against an
inoculation of leukemic cells. The outcome of
another experiment indicated that peritoneal
maLTophages may be activated by MW exp0­

sure. Liburdy (1979) elevated the core tem­
perature ill mice .z to JOC by exposure to RF
or warm air. Both treatments reduced lym­
phocytes and increased neutrophils, but the
change was more robust for the RF exposure.

Normal control, sham-exposed, and
MW-exposed hamsters were injected with a
lethal dose of vesicular stomatitis virus 1 day
after MW exposure. MW exposure raised
core-body temperature 2.5 to JOC, to a maxi­
mum of 4O.5°C. The mean survi.-al times for
MW-exposed animals were significantly
longer, where 25 percent of the high-dose
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group and 33 percent of the low-doee group
survived, while all of' the sbam-expoIed and
nonaal-cDllcrol animd died. SunivIl oldie
MW-exjloIed animaIJ wasltPibuted to ac:a.
tion of peritoneal mac:ropbages, which in­
creased the resistance IX) viral infection (Rama
lUo, Cain, and Tompkins 1984). Szmigielski
and colleagues (1977) found a significant de­
crease in mortality rate and CIillesions in mice
receiving MW hyperthermia immediately fol­
lowing infection with either herpes simplex
virus or vaceinia virus. The results of these
studies support the hypothesis that the 0b­
served effects have a thermal basis.

Rama lUo, Cain, and Tompkins (1985)
noted an increase in antibody response in
hamsters immunized with sheep red blood
cells (SRBC, a T -cell-dependent antigen). An­
tibody responsiveness with SRBC was non­
significantly elevated for mice exposed with
pulse modulated waves (width - 1 p.s,
PRF - 1 kHz). When the fields were ampli­
tude modulated, the response was dependent
upon the modulation frequency. A similar,
complex response pattern was observed in an
experiment with glut2ric-anhydrlde conju­
gated bovine serum albumin (GA-BSA)
(Veyret et at 1991). Czerski (1975) found an
increase in antibody-producing cells in the
lymph nodes in animals immunized with
SRBC fonowing exposure (width = 1 p.s, PRF
= 1200 Hz) for 6 weeks but not for 12 weeks.
According to Roberts (1983), these results
need to be interpreted with caution because
the controls were not sham-exposed, and there
was no statistical analysis of the data.

A skin challenge test in mice was affected
with pulsed microwaves (width - 2.3 I£S, PRF
= 100 Hz) and injections of keyhole limpet
hemocyanin or skin painting with dinitrofluo­
robenzene (DNFB). Skin thickness of
DNFB-exposed mice was significantly less, but
this was not observed in a replicate experi­
ment. No significant differences were seen in
response to T- and B-cell mitogens (Ragan
et at 1983).

A decrease in the natural antineoplastic
resistance in Balb j c mice has been reported.
Animals received intravenous injections of
neoplastic L 1 sarcoma cells, then were irradi­
ated for 1 to 3 months as shown in Table

bJiIl-Fr.f.t,,'Y .",1 ELF EJutrom.pttit E".r,;u

3-12. A special control group was maintained
in small cages IX) induce c:broDic-ttreII con­
fiD"""""- A IlatisrinI1y lipi6caat inc:reaIe in
.... c:aacer aodutes WII fuuDd· foe the hiP­
SAR group and the COPfined group after
1 month, and in both MW-exposed groups
and the confined group after 3 months of
exposure (SzmigieJskj et al. 1982).

In a study of immune effects on young
animals, cultured lymphocytes from rats ex­
posed from day 6 ofgestation to 40 to 41 days
of life had an increased response to mitogen
stimulation. An increased response was not
seen in 2Q-. to 21-day-old rats (Smialowicz,
Kinn, and Elder 1979). Smialowicz et al.
(198J) reported no differences in the mito­
gen-stimulated response of lymphocytes from
the lymph nodes and the blood in rat pups. In
another aperiment, Smialowicz, BrugnoJotti,
and Riddle (1981) observed no changes in
CR+ spleen cells in 10- to 12-week-01d mice
6 days after a single 30-minute exposure but
noted significant differences in 16-week-old
mice exposed at 29 Wjkg. Although body
temperature was not monitored, the authors
report that at the highest SAR mice demon­
strated that they were under thennal streSS by
coating their fur with saliva or urine in an
attempt to cool themselves.

3.1.73.2 In Vitro Effects No significant dif­
ferences were found in mitogen-treated rat
lymphocytes exposed to microwaves (Hamrick
and Fox 1977). High-level SARs produced no
effects on viability or phagocytic ability of
rabbit neutrophils exposed to C\\' or ampli­
rude-modulated fields (modulation depth = 95
percent)(Cleary, Liu, and Garber 1985b). Cy­
totoxic activity of rat T lymphocytes was sup­
pressed in an experiment using an AM, 450­
MHz RF field. The most effective modulating
frequency was 60 Hz, while the least effective
was 3 Hz. No effects were observed with just
the 4So-MHz carrier wave, and the observed
effects were reversible (Lyle et al. 1983).
Roberts, Michaelson, and Lu (l984) and
Roberts, Lu, and Michaelson (l983) reported
no differences in mitogen-stimulated re­
sponses or in DNA and protein synthesis.

Byus et al. (l984) exposed cultured hu­
man tonsil lymphocytes (50 percent B cells,

t,'
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50 percent T cdJs) to a 45Q-.MHz carrier or •
sinusoidally AM (3 to 100 Hz; modulation
depth - 75 to 8S%) carrier. F.ztracts from
lymphocyte cdJs were assayed for the aaivity
of protein kinase enzymes. No differences
were observed in the activity of cyclic-AMP­
dependent protein kinases at an AM frequency
of 16 H7.. No change was seen in cAMP-inde­
pendent histone kinase activity when cells were
exposed at 450 MHz or to the carrier modu­
lated at 3, 6, 80, and 100 MHz. However,
cAMP-independent histone kinase activity was
reduced at 16, 40, and 60 Hz, with the maxi-­
mum response at 16 Hz. The observed reduc­
tion was transient at AM frequencies of 16
and 60 H7.. The authors attribute the fre­
quency-dependency to a windowed response.

3.3.7.3.3 Conclusio"s Experiments have
shown that the immune system may be a
sensitive indicator of RF-induced biologic ef­
fects. The lowest SARs that are biologically
effective in test animals in a relatively consis­
tent manner are in the range of 0.15 up to
0.7 Wjkg. Clearly, SARs between I and 10
Wjkg can produce immune effects; however,
no clear response pattern has been observed,
and the results from some studies suggest that
observed effects are transient. MW exposure
prior to mitogen stimulation produced vari­
able effects on lymphocytes, including stimu­
latory and inhibitory effects, and no change.
Some srudies showed an increase in antibody
response after antigenic immunization, but a
variable response was seen in others. In some
studies, effects appear to depend upon the
modulation frequency.

3.3.8 Genetic Effects

Curska et al. (1992) found that temperarure
plays a significant role in Iymphoblastoid
transfonnation of human cells exposed to con­
ventional heat or CW microwaves. Results
with pulsed (width -1 p.s; PRF 100 to 1000
Hz; also, see Table 3-13) MW showed
significant differences in the numbers of Iym­
phoblastoid cells under nonheating condi­
tions, compared with cells heated convention­
ally and by CW MW. Hence, pulsed and CW
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microwaves acted differently in this experi­
meat, although mechanisms supporting such
an interaaion are not !mown.

Krause et aI. (1991) found no differences
in growth and survival of ceUs nposed at
SARs of 130 and 1300 W/kg. The effects on
the expression of two interferon-regulated en­
zymes were differential. Specific activity of
2-5A synthetase was unaffected, while changes
were observed in RNase L. The changes did
not appear to be detrimental to the cell, as
measured by postexposure viability, plating
efficiency, or proliferation rate. Saffer and
Profenno (1992) observed a frequency-inde­
pendent increase in ~galactosidase expression
in microwave-exposed cells. They speculate
that "small thennal gradients" may produce
the effects. Das and colleagues (1990 found
that low-level microwave radiation signifi­
cantly increased neuron specific enolase
activity.

Sulek et al. (1980) observed that some
strains of mice were susceptible to MW­
induced increases in CR + cells, while other
strains were nonresponders. This discovery
led researchers to suggest that the micro­
wave-induced reversible increase in CR+ was
genetically controlled. In a study designed to
examine this hypothesis, the results showed
that there was a genetic basis for increased
CR-bearing B lymphocytes, and this control
was effected by a single regulatory gene
(Schlagel and Ahmed 1982l.

Garaj-Vrhovac, Fucic, and Horvat (1992)
exposed human lymphocytes at a constant
temperarure of n°c. SARs were not deter­
mined. Subsequent to exposure, cells were
stimulated with the mitogen, phytohemagglu­
tinin, then fixed for chromosomal analysis.
Statistically significant differences between
controls and exposed cells were oLserved fOl
30- and 60-minute exposures at 30 mWjcm l

•

Significant increases in all types of observed
aberrations (pooled data) occurred for expo­
sures at 10 and 30 mWjcm l

. The data
suggest a dose-dependent increase in the
aberration rate. Maes and colleagucs (1993)
observed an increase in the frequency of struc­
rural chromosome aberrations and micronu­
clei under isothennal test conditions (36.1·C>,
which they interpreted as consistent with the

-
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6ndinp of Garaj-Vrohowc aDd c:oUea,ues.
No dfec:a were .een in cell kinetics aDd sister
c:hromatid cxbange fnquau:y.

In SIIIIIPWy, in the study by Czasb et al.
U992>. CW and pulsed aposures resuked in
the same temperature rise and energy abs0rp­
tion. However, the rate of the temperature
chmge was considerably higher in cdIs e-pe­
riencing pulsed exposures, raising the possibil­
ity of thennoacoustic: effects in these c:eIls,
even at nonheadng exposun: levels. This c:ould
explain the differences observed between CW
and pulsed exposures.

The study by Das et al. (I991) had insuffi­
cient information to aDow an adequate reriew,
since only an abstract from a poster session
was published. Garaj-Vrhovae, Fucie, and
Horvat (1992) report statistically significant
differences in aberrations, and their data are
suggestive of a dose-response effect with
pooled data. When analyzed by specific type
of aberration, the data do not show significant
differences between exposed and control cells,
nor do they demonstrate a dose-response re­
lationship. The authors exposed the cells un­
der isothermal conditions (22"C) but provide
insufficient information for an assessment of
their methods. This study needs replication in
an independent laboratory, as does the study
by Maes and coworkers (993).

In conclusion, these genetic studies pro­
duced some positive findings that require
replication by an independent laboratory.
There are a nwnber of unanswered method­
ologic questions in some of the studies.

3.3.9 Cancer

Included in this section is a small number of
studies in test animals and of the potential for
enhanced cell proliferation in in vitro studies.
Few studies have aetual.Iy been designed to
assess the potential promotional effects of RF
fields. Generally, the conc:lusions that can be
drawn from the reviewed studies are limited
because most studies use a single sex of one
species at I SAR. Some studies were designed
to evaluate end points other than cancer, and
their methodology does not provide a rigor­
ous statistical or histopathologic evaluation of.

t"io-Fref.~IIfUl ELF Electr"""petic Energies

the c:aacer resules. These results are c:ompiled
in T8bJe )-13. Rmews of RF~ and
aaacer III'C'aftiJable b the intereIced reader
(Kirk 1984; Adey 1988; SDJIisieIsId IIld Gil
1989).

1.1.9.1 1_ V"_ StJtJies

Prausnitz and Susskind (1962) exposed
male mice (see Section 3.3.1 for details) find­
ing that 10% of the control animals and 35%
of the MW-exposed mice that died during the
experiment had cancer of the white cells. No
differences were found in mice sacrificed at 7
months, but 30% of the exposed and 10% of
the controls had leukosis at 16 months. At 19
months, evidence of abdominal lymphoma was
found in 18% of the exposed and 21% of the
control animals. In commenting on this study,
Kirk (1984) devised a statistic to test the
prevalence rates in the MW-tre2ted and con­
trols, with a finding of matginal nonsignifi­
cance (P - 0.06). Kirk notes that the results
from this study were difficult to interpret be­
cause of "problems with the biological proto­
col, the lack of sound statistical methodology
in experimental design and data analyses, and
the questionable significance of what was re­
ported."

Two experiments were designed to study
the effect of increasing the metabolic rate on
longevity in CFW mice. Four pregnant mice
were exposed. and the pups <selected from
exposed and control groups) were injected with
an homogenate of a lymphoreticuJar cell sar­
coma and the avian, fast reticuloendothelial T
virus on posmataJ day 16. Animals were sacri­
ficed on postpartum day 93. The incidence of
tumors in mice irradiated in utero or in utero
plus postnatally was significantly lower than
the incidence in mice not exposed in utero.
The second experiment used more mice, with
an initial finding that the percentage of MW­
treated mice with tumors was less than the
sham-exposed group. At 4.5 months there were
no differences between the groups, and the
percentage of exposed animals with tumors
finally exceeded the numbers for the sham­
exposed group: "It is evident that microwave­
induced hyperthermia in utero did not signifi­
cantly alter the absolute incidence of tumors

T..... J-U. Genetic E&cIs IIld Cancer Smdies

A-.p
Poww

~SAIl =~Z)
Dundoa

Speda (W/kI) (dx.llliQ) EIFeeu Relenaces
GP.NmcEmx:Ts

a-a 2450 0.8 to 12.3 NR 5 X 1140 Enhanced Czenb
Iympbo- Iymphoidblas- etal.
cy1eS.

toid trail$- 1992
fonnation by
conventional
heating, CW, and
pulsed MW; pulsed
MW increased
transfonnation at
nonheating levels
(37°C)

Murine 2450 130 96 1 x 240 Increase in Krause
L929 CW specific etal.
cells· activity of 1991

RNaseL;no
effects to
2-SA synthetase

E. coli· 2550 10 NR 1 x 270 Increased in SatTer and
activity of Profenno
a marker 1992
gene

Mouse 915 0.5 NR 1 X 30 Significant Das
neuro- AM: increase in et aI.
blastoma 16Hz neuron 1991
and rat specific:
glioma enolase
cells·

Human 7700 NR 0.5.10. I X 10 Dose-depen- Garaj-
Iympho- 30 1 x 30 dent increase Vrhovac.
eyres' 1 x 60 in micro- Fucic, and

nuclei and Horvat
total 1992
aberrations

Hwnan 2450 75' 240 1 X 30 Increase in Mus
Iympbo- Pulsed Vim' or ch~e etal.cytes. <PRF - 1 x 120 aberrations 1993

50Hz) for 12D-minute
exposures

CANCER SruDlES

Mice 9200 50' 100 295 X 4.5 Leukosis or Prausnitz
(male) Pulsed leukemia and

in eKJlOSed Susskind
mice 1962
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"an enhanced irnmuoclComllCtency that has it.s
origins in elevation of fetal-and, perhaps, of
maternal-temperature" (Preskom, Edwards,
and Justesen 1978).

Szmigielski et al. ([982) evaluated the p0­
tential for 2450-MHz MWs to accelerate de-

Tillie 3-13. (Continued)

AftI'IIIC
Potrer

Frapnc:y SAIl DeaIity Duration
Species (MIh) (Wftg) <atW/c:mZ) (d X min) FJI"c:c:ts References

Rats 0.002 NR 2mT 9 X 60 No Baumann
(female) CW difference etal.

in tumor 1989
weight

C3H/IOT~' 2450 OJ, I, NR I x 1440 Increase Balcer-

cells Pulsed 4.4 in Kubiczek
neoplastic and Harrison
transfor- 1985,1989,
mations 1991

LN71' 2450 oto <200 1 X 120 Increased Cleary,
glioma or 27 50 Vim thymidine Liu,and
cells CW and uridine Merchant

incorporation; 1990
SO to 150 to suppressed
200 HOV/m incoT"Jloration

(estimated)

H35' 450 NR \.0 1 X 60 Modulation Byusetal.
heptorna AM frequency 1988
cells;' (see dependent
CH0;294T text) changes in
melanoma ODCactivity
cells

Murine 915 2.5 70V/m I x 480 Enhancement Litovitz
Ln9 AM of ODe et al.
cen- (see activity 199J

It"xt) when th..
carrier was
n1o,Iulated

-_.

• In vitro study.
'SAR not detennined by irradiallon bUI calculated by passing a DC eI..ctrrc currenI through a resiSlOr located in
the sample. E-lield calculaled from the ahsorllC'd power and conductivilY.
, Estim.te ba..,d on Durney, Massoudi. and Iskander (J 986).
J Gang exposure techniques (10 animals per cage) were "sed during actual eJIposures. which raises questions about
the applicability of the "'timated SARs, which were detennined for a single mouse cadaver.
CW, Continuous wave; NR, not reported; mT, millitesla. unit of magnetic Dux density; AM, amplitude

modulated; ODe, ornilhine decarboxylase.

. but only delayed the genesis of a palpable
neoplasm" (Preskom, Edwards, and Justesen
1978). Animals that received in utero irradia­
tion lived longer than controls, regardless of
whether they had tumors or not. The authors
speculate that the ohserved effects are due to

'.we 3-13. (Continued)

A-.,e
Power

.. .
~

SAR DaIIky DundoD

Species (Wfkg) <atW/c:mZ
) (dxam-> E8'cets ~

Mice 2450 3S NR 4 X 20 Lower Preslwm,

(60 Hz, 40 x 20 incidence of Edwards,

sinusoidally tumonin and JusreseJl

modulated) mice with 1978

in utero
MW treatment;

36 x 20 no difference
with sham-
exposed group;

4 X 20 no difference
in absolute
incidence of
tumors

Mice 2450 2 to 3" 5 30 x 120 Increase Szmigielski

CW 6to8 15 60 x 120 in etal.

90 x 120 neoplastic 1982

nodules;

Mice 60 x 120 increase

(female> to in
356 x 110 spontaneous

breast
cancer;

Mice 30 X 120 accelerated

90 X 120 skin cancer

or
150 X 110

Mice 2450 2,4,6d 5, 10, 15 .10 X 120 Shortened ST.u,llIns"i

60 X 120 skm cancer el a1.

90 X 120 development 191'!2

180 X 120 times

Mice 2450 \.2 I < 276 X 150 No Santini

(female) CWand difference et al.

pulsed in tumor 1988

development,
survival time

Rats 2450 0.15 to 0.48 750 x 1260 Higher Guy et al.

(male) Pulsed 0.4 incidence 1985

of malignant
tumors from
collapsed
data;
elevated Johnson

adrenal et al.

mass 1984

!~
I

•
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I

I
I
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dissolved in dimethyfsulfo.ude (DMSO) or just
the medium plus DMSO. Postexposure evalu­
ations were performed for c:eJ1 survival and
induced neoplastic transfOrmation. The trans­

formation rate was not affected by exposure to
MW with either .8(a)P or x-rays in the aD-
sence of the promotor TPA. The transfonna­
tion rate was significantly enhanced by treat­
ment with either x-rays + TPA or x-rays +
MW + TPA. This lead to the conclusion that
microwave radiation might induce "'atent
transformation damage which can then be re­
vealed by the action of tumor promotors"
(Balcer-Kubiczek and Harrison 1985).

In a later experiment, cells were either
irradiated with just MW or x-rays before or
aher MW irradiation, then plated onto
medium containing TPA dissolved in acetone
or just growth medium with acetone. Treat­
ment with x-rays + TPA produced a signifi­
cant increase in the transformation frequency
compared with x-ray treatment alone. Treat­
ment with MW + acetone produced no
changes, but treatment with MW + TPA
produced significant increases in the transfor­
mation frequency. "Thus, in the experiments
reported here, microwaves appear to act as an
initiator in a two-stage transformation assay"
<Balcer-Kubiczek and Harrison 1989).

In a third experiment, there were no dif­
ferences in the transformation frequencies be­
tween the sham-irradiated controls and the
cells treated with just MW. MW exposure,
then treatment with TPA, produced dose-rate
dependent increases in transformations at 0.1,
1.0, and 4.4 W/kg. MW + x-rays + TPA
greatly increased transformation rates. The
authors conclude that their data seem to sup­
port the hypothesis that tumor promoters and
modulated MW fields act at the cell mem­
brane, including a synergIstic action between
TPA and MW (Balcer-Kubiczek and Harrison
1991).

Cleary, Liu, and Merchant (t99O) exposed
human glioma cells at 2450 MHz for 2 hours
under isothermal conditions (37 ±O.ZOC). Af­
ter exposure the t"ells were cultured, then eval­
uated for rates of DNA and RNA synthesis as
indicated by cellular incorporation of radiola­
beled nucleic acid precursors, IH-thymidine

BitIIogiad Effms t1{Lditt-F~ Fields

12 nonneoplastic lesions of all orpns and
tissues were found. The numbers of benign
twnon were not different for MW-exposed
IIId sham controls. One hundred ninety-two
neoplastic lesions were identified, with the
endocrine system having the "highest inci­
dena: ofneoplasia in the aging rats, as is to be
expected in this experimental animal" (Guy
et al. 1985). The neoplasms occurred in 45
exposed and 40 sham-exposed animals. Malig­
nant neoplastic lesions were suhdivided into
primary and metastatic. The numbers of
metastatic lesions were too low to allow a
meaningful analysis. No single type of pri­
mary malignancy was significantly increased,
but when the data for primary malignant le­
sions at death were combined for all organs
and tissues, the e:sposed animals had a signifi­
cantly increased (approximately fourfold) inci­
dence Oohnson et aI. 1984; Guy et al. 1985;
Chou et aI. 1992).

Female WlStar-Furth rats received an im­
plantation of mammary adenocarcinoma near
the lower nipples. Animals were exposed in a
restrained condition in four replicate experi­
ments. In the first two, animals were treated
with either 0.1-, 1-, or 2-mT B fields. Only
the highest flux density was used in the last
two trials. SARs were not reported, because it
is not a meaningful concept at lower frequen­
cies. There were no significant differences in
tumor weight, but in most instances exposure
at 2 mT appeared to have a nonsignificant
inhibitory effect on tumor development
(Baumann et al. 1989).

J.1.9.2 /71 Vitro Studies

Balcer-Kubiczek and Harrison (1985,
1989, 1991) evaluated the neoplastic transfor­
mation of C3H/IOTt mouse cells when ex­
posed to pulse modulated (/20 Hz), 2450­
MHz microwaves, and a tumor promoter, TPA
(12-0-tetradecanoylphorboJ_/3 -acetate), a
phorbol ester.

In one study, cells were exposed to x-rays
or B(a)P, or a combination of MW plus these
initiating agents. Following x-radiation, cdls
were plated onto medium containing TPA

dons were pedormed with cadavers. In two
groups of mice (2 and 6 W/lcg for 6 months),
microwave radiation and B(a)P were applied
simultaneously. The mean CDT and CDTfO
were statistically significantly different for the
6-W/kg group compared with sham-controls.
The MST of the control animals was longer
man that for animals exposed at both 2 and
6 W/kg. In three groups, animals were irradi­
ated at 4 W/kg for 1,2, or 3 months prior to
inception of B{a)P application. COT was sig­
nificantly shortened in the MW-exposed
groups but was most pronounced in the group
exposed for 3 months prior to skin painting.
These results suggest that MW radiation may
be co-carcinogenic, since it was applied prior
to or simultaneously with the initiating car­
cinogen, B{a)P. In terms of a gross mecha­
nism, the authors report finding no evidence
that MW exhibited a direct carcinogenic ef­
fect. On the other hand, the stimulatory ef­
fects observed could be due to a thermal re­
sponse. The authors claim the MW doses
were nonthermal, but the reported study de­
sign does not include supportive data from
core-body temperature measurements in live
animals, just conclusions from exposure of the
cadavers (Szudzinski et al. 1982).

Santini and colleagues (t988) studied p<>­
tential effects of 2450-MHz microwaves to

accelerate development of BI6 melanoma in
C57BL/6J mice. Mice were exposed in the far
field within an anechoic chamber until the
animals died (up to 690 hours of exposure>.
Prior to MW exposure melanollla cells were
subcutaneously implanted in the mice. There
were no differences in tumor development,
the numbers of surviving and dead animals,
and survival times.

In a lifetime study, male rats were exposed
at SARs from 0.4 to 0.15 W/kg and evaluated
as indicated in Section 3.3.1. Gross pathologic
and histopathologic evaluations were per­
formed on rats when they died spontaneously
or when they were sacrificed (Guy et al. 1985).
An organ-mass analysis indicated that the mass
of the adrenal glands at the final kill (25
months) was significantly increased in MW­
e:sposed rats. The increase was attributed to
tumor growth (Johnson et al. 1984). A total of
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velopment of induced and spODlaDeOUS tu­
mors in mice aposed in the far field. Foe the
long-term trials, 10 animals were housed,
cased. and uposed for 2 hId, 6 d/wk. Three
bioassays were performed: lung cancer colony,
spontaneoUS breast tumors, and benzopyrene­
induced sldn cancer. The lung cancer colony
assay involved the intravenous injection of
neoplastic cells into Balb/c tnice. Animals
were sat:'; ficed after I, 2, or 3 months and
evaluated for neoplastic nodules. Female
C3H/HeA mice, which have a high incidence
of spontaneous breast cancer, were exposed
from around l.S to 12 months of age. Evalua­
tions were performed every two weeks, and
the cancer development time for SO% of the
animals (COTso) and the mean survival time
for 50% OOTso) were determined. In the
skin cancer study, mice were depilated and
painted with 0.01 mL of 5% 3,4-benzopyrene
(B(a)P) in a 9: 1 acetone-benzene solvent.
Controls were treated with just the solvent.
MW treatment was delivered either 1 or 3
months before B(a)P treatment or concur­
rently and extending for 5 months. Sham­
irradiated controls and chronic-stress controls
were used for all three bioassays. This latter
group was composed of male Balb/c mice
that received no MW exposure but were
maintained in substantially smaller cages. Mice
exposed at 6 to 8 W/kg or chronically con­
fined had significantly elevated numbers of
lung nodules after I or 3 months of exposure.
After 3 months, the 2- to 3-W/kg group was
also significantly higher than controls but still
lower than the chronic confinement group.
CDTso and MSTso for spontaneous breast
cancer were significantly shorter for both
MW-exposed and the confined groups. COTso
was Z19 days in the 6- to 8-W/kg group, 255
days for chronic confmement, 261 days for 2
to 3 W/kg, and 322 days for controls. Time
to develop B(a}P-induced skin cancer was sig­
nificantly accelerated in animals exposed to
microwaves or confined, and survival time was
shorter.

In another study, these researchers exam­
ined the co-carcinogenic effects of microwave
radiation in regard to B{a)P-induced skin can­
cer in male Balb/c mice. Dosimetric evalua-

,;

: I

j,
I

Ii
I

,j
JI'I

II I':
I '
'; \.', , I
!1,.~

ii~'"
1'1 .

i
II
:1
,1

"I
i

ji
,I

1
I
I


